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hiqfcer  academic  institutions,  which  are  trained  on  specialty  " turbir 
const  t uction 


Pub  lishing  house  " mach  i r:e-h ui ldi  ng"  , Moscow,  1965. 


Pages  1- 96 . 


Fage  2. 


The  atlas  contains  *he  airfoil/prcfilcs  ot  the  nozzle  and 
running  cascades  of  the  axial-llovs  turbine,  designed  for  subsonic, 
transonic  and  supersonic  speeds.  Tn  atlas  are  given  the  special 
shapes  of  the  blades  of  low  altitudes,  characterist ic  cross  sections 
ct  step/stages  with  long  lladet,  etc.  Furthermore,  examined  the 
effect  of  the  different  geometric  and  regime  parameters  on  th« 
characteristics  of  gri i/cascades  is  given  the  analysis  of  the 
possibility  of  the  calculation  ct  the  step/stages  of  turbines 
according  to  the  giv^n  in  atlas  characteristics. 
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Atlas  is  intended  as  textbook  for  the  students  of  VTUZ  [99sp04  - 
higher  technical  educational  institution]  ot  energy  specia 1 - ie s,  and 
also  it  can  be  useful  to  the  t ech n ica 1-eng i nee r ing  and  scientific  9 

workers  of  turbine-constructing  plants  and  scientific  research 
inst i t utes. 

Atlas  is  released  to  the  sixty-year-old  anniversary  of  the 
Moscow  Order  of  Lenin  of  eneryy  irstitute. 


Reviewers:  the  department  for  the  turbine  construction  of 
Leningrad  polytechnic  institute  (dcctct  of  technical  sciences  Prof. 
Cantor,  the  s.  a.,  and  the  Cand.  of  the  tech,  sciences  of  *he 
instructor  of  the  native  lands  k.  g.) ; doctor  of  technical  sciences 
Frcf.  Kazandzhan,  p.  k. 

Fage  3.  lubles  of  Contents. 
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Fref.ice. 

pol  the  latter  oecades  soviet  turbine  construction  passed  to  the 
new,  aerody namical ly  mere  advanceed  a i r to i 1/ptcf i les  of  nozzle  and 
runninq  cascades,  developed  and  investigated  in  the  laboratories  of 
the  leading  scientific  research  and  academic  institutes  and 
turbine-constructing  plants. 

Tne  proposed  by  laboratories  a irf c i 1/ p rof i les  of  turbine 
grid/cascades  for  subsonic  speeds  lay  as  the  basis  of  the  atlas  of 
airfoil/pretiles,  and  then  also  the  standards,  published  by  central 
fcciler  and  turbine  institute  (IsKTl)  in  196 C— 1961. 

After  having  emerged  into  the  world/light  cf  these  materials, 
the  werks  on  investigation  and  improvement  cf  cascade  profiles 
successfully  were  developed,  li  the  lalcratcry  cf  the  turbomachir.es 
cf  the  Moscow  Power  Engineering  Institute  (KPI)  were  developed  fh^ 
airfoil/profiles  of  nozzle  and  running  cascades  for  transonic  and 
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supersonic  speeds,  were  created  the  groups  cf  grid/cascades  for 
step/stages  with  short  blades,  for  the  step/stages,  designed  for  the 
low  relations  of  the  speeds  of  and  also  for  the  last/latter 

step/stagos  of  the  powerful  condensation  turbines. 


As  the  basis  of  the  shaping  of  grid/cascades,  were  placed 
analytical  and  semi-empirical  methods  cf  calculation.  All 
gr id/casca ties  underwent  detailed  investigation  under  the  static 
conditions  and  in  experimental  turbines,  which  made  it  possible  to 
obtain  the  reliable  aerodynamic  characteristics,  necessary  for  the 
thermal  design  of  step/s^ages. 


The  accumulated  in  the  laboratory  cf  the  t ur homach ines  or  the 
MFI  materials  on  shaping  and  study  of  turbine  grid/cascades  were 
systematized  and  were  generalized. 


The  results  of  the  made  work  found  their  reflection,  also,  in 
the  present  atlas. 


Dul  i n 'i  traini  n j/nreparati  cn 


nd  compilation  of  atlas 


were  used 
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the  materials,  obtained 
research  institutes  and 
atlas  entered  only  that 
directly  in  the  MPT. 


in  the  laboratories  or  the  leading  scientific 
turbin e-cons true ting  plants.  However,  into 
the  airfoil/prefiles,  which  were  developed 


The  atlas  contains  the  sufficiently  bread  class  or  the  various 
airfoil/profiles,  which  have  the  low  lesses  of  energy  with  thos=> 
which  were  assigned:  velocity  triangle,  Reynolds  numbers  and  a. 


In  accordance  with  this  ir  atlas,  are  included  nozzle  and 
working  (active)  of  grid/cascade  for  subsonic,  transonic  and 
supersonic  speeds,  to  the  different  reentrance  angles  and 
output/yield  (with  the  assigned  mach  nusrber),  and  also  special 
grid/cascades  for  step/sf ages  with  the  twisted  Hades. 

Ir  atlas  are  placed  also  the  special  shapes  of  grid/cascades  tor 
lew  relative  height/altitudes,  nozzle  cascades  for  control  stages 
wi*h  revolving  diaphragms  and  for  the  s t e p/st a qes , which  work  with 

m 

*•  * 


low  relations  of 
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The  presented  in  atlas  cascade  prefiles 
design  c£  the  control  stages  of  high  ar  1 lew 
and  last/latter  step/stages  of  steair  and  gas 


car  be  used  during  the 
pressure,  intermediate 
turbines. 


In  the  first  part  cf  the  atlas,  are  briefly  presented  the  design 
concepts  and  calculation  cf  turbine  grid/cascades  and  are  given 
practical  procedures  of  the  construction  cf  scire  airfoil/profiles  cf 
special  type. 


The  need  for  bringing  the-  uatcria  1 s,  presented  in  the  first 
par*-,  is  caused  by  the  fact  that  in  nary  instances  during  the  design 
cf  turbines  are  necessary  the  grid/cascades,  cciting  out  front  their 
parameters  beyond  the  limits  of  the  nomenclature  of  a“las.  chapter  of 
II-TV  make  it  possible  tc  the  reader  tc  estimate  effect,  the  groups  of 
♦he  stipple  (rentary  parameters  or:  the  aerodynamic  characteristics  of 
grid/cascades.  The  number  cf  such  paraneters  includes  the  space  and 
the  s pa  n of  “he  blade,  the  angle  of  setting  and  the  form  of 
ait  foil/prof i le,  3e  number,  H,  the  reertrance  angle  of  flow,  the 
value  cf  fan-shape  and  form  of  the  enclosures  cf  circular 
grid /cascades,  over lap/ceil ing , roughness,  t 


urbulence  etc. 
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In  conclusion  is  set  forth  the  procedure  fcr  calculation  of 
step/stages  according  tc  the  da+a  of  the  static  studies  of  the 
isolated/insulated  grid/cascades  and  is  given  the  comparison  of  the 
calculated  anti  experimental  efficiency  (on  tests  in  experimental 
turfcire)  . 

The  placed  in  atlas  cascade  profiles  passed  testing  in 
full-scale  and  model  turbines  and  widely  they  ar<=  utilized  in 
indusrry . 


[r.  the  calculations,  design  and  the  experimental  study  of 
grid/cascades,  took  part  the  large  group  cf  the  colleagues  of  the 
labor »tory  of  "he  t urboma chines  of  the  MP1:  Candidates  of  Technical 
Science  V.  V.  frolov,  V.  A.  Paranov,  A.  Ye.  Zaryankin,  M.  F. Zatsepin 
and  A.  V.  Gubarev;  the  engineers  Ye.  V.  Maycrsk iy , A.  G.  Sheynkman  et 
a 1 . 


Fa  ge  S . 
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Chapter  1. 


GENERAL  INFORMATION. 


(;  1.  Classification  of 


E/cascadcs, 


All  the  used  in  turbine  construction  grid/cascades  can  be 
divided  or.  several  groups,  ty  classing  their  according  to  different 
sign /criteria. 


According  to  the  desig rat  ion/our pcse  cf  the  grid/cascade  of 
turbines,  are  subdivided  into  jet/r°active  nozzle  (fixed)  and  workers 
(rotating),  and  also  into  active  werxers  ana  rctary.  tab  the  latter 
in  turn,  can  be  divided  on  several  groups  in  tenns  of  Mach  numbers  1 
at  entry  or  at  the  output/yield:  A are  subsonic  (M  < M *) ; b - 
transonic  ( M * < M <1.2);  C - supersonic  ( M > 1.2). 


— 

DOC  = 7h011b93  FAGF  \*- 

FCCINCTF  l.  Mach  number  = c/a  ~ the  ratio  ot  rate  of  flow  c to  the 
speed  of  sound  a;  v * - the  critical  Mach  number  with  which  a* 
certain  point  on  airfoil/profile  is  reached  the  aaaaaaaa  (see  2). 

F N CFOCTNOTF. 

For  jet/react i vg  grid/cascades  the  characteristically  clearly 
expressed  convergent  flew  in  irtervane  channels.  In  impulse  cascades 
the  medium  static  pressures  at  entry  and  at.  output/vield  are 
approximately  identical  and  usually  differ  cnly  by  the  magnitude  of 
lessee  of  pressure  ir.  vane  charnels. 

Tie  classif ication  of  grid/cascades  can  be  produced  also  cr 
geometric  parameters  - to  relative  height/altitude  and  the  fanning 
whose  effect  must  be  examined  together. 

In  flow  area  of  the  steam  and  gas  turbines,  are  applied  th*= 
gr id/cascades  of  low  relative  height/altitude  (/  = ^/b  < 1.0)  and  of 
lew  fanning  (S  = d /()  > 20),  ct  the  grid/cascade  of  medium  altitude 
(7  = 1,0— 3,0)  and  of  the  medium  fanning  (0  = 10-20)  and  of  the 
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grid/cascade  of  high  altitude  > 3.0)  and  of  large  fanring  (6  < 

10). 


In  the  grid/cascades  of  the  first  group,  in  spite  of  low 
fanning,  flow  it  has  clearly  expressed  three-d  i ite  nsional/s  pace 
structure  in  connection  with  the  low  altitude  which  leads  to  the 
joining  of  the  secondary  flows.  Low  fanning  makes  it  possible  with 
large  reliability  to  utilize  the  test  results  cf  lattices. 


During  the  simplified  investigation  of  the  second  group  cascaao 
flew  can  be  examined  by  plane,  by  eliminating  the  root,  and  peripheral 
cross  sections  where  the  aiotior  has  three-dimensional  nature  as  a 
result  of  secondary  currents,  overflows  and  a series  of  other 
reasons. 


■ 


The  flow  about  the  long  blades  of  large  fanning  one  should 
relate  to  the  group  of  spatial  problems.  The  mean  sections  of  such 
ar id/ cascades  in  the  first  apprexi maticn,  can  be  calculated  from  the 
characteristics  of  the  foil  lattices  of  the  corresponding 
airfoil/profiles.  The  blades  of  the  third  group  usually  are  fulfill'! 
a 1 ter  rat ing/variab le  a irf ci 1/piofi le  hy  height,  and  in  this  case  v^ry 


CCC  = 76011693 


important  task  is  the  ccnnectii g/£ itting  ct  the  cross  sections 
between  themselves.  By  height  of  blades  should  to  be  provide  1 for  a 
smooth  change  in  the  isobars  of  static  pressure  on  back  and  the 


concave  surface  of 


In  this  case,  the  forms  of 


airfoil/prof lies  in  different  cross  sections  must  answer  the 
appropriate  Mach  numbers  and  Pe. 


The  forms  of  the  basic  ai x roi 1/pr c f i les  and  grid/cascades  wit) 
the  designation  of  some  geometric  parameters  are  given  in  Fij.  1 and 
in  Table  1. 


5 2.  resignations  of  basic  values,  geometric  arc  regime  lattice 
parameters. 


Th*3  grid/cascades  are  determined  by  the  ferm  of  airfoil/protile 
and  interbladc  channel.  The  form  of  a i r f o i 1/p r c f ile  is  assigned  by 
coordinate  method  1 in  rectangular  coordinate  system  (x,  y), 
whereupon  X-axis  it  is  combined  with  the  chcrd  cf  airfoil/profile 
(Fig.  2);  the  origin  of  cccrdirates  is  arrange/ located  near  the 
entering  edge  of  a i rf  o i 1/prcf  i It- . 


i ! 
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FCCTNOTE  1 . In  the  practice  of  some  plants  and  Nil  f 99sp03  - 
Scientific  Research  Institute],  it  is  accepted  to  assign  the  form  of 
airfoil/profile  and  channel  by  circular  arcs.  ENDFOOTNOTE. 

with  the  assigned  form  of  a ir f oil/ pro f ile , the  size/d imen sions 
and  the  form  of  vane  channels  depend  or  the  basic  geometric 
parameters  grid/cascade  tc  number  of  which  they  are  related  (see  Fig. 
1 and  2)  : 

h - airfoil  chord; 


•> 


i 


’•i 


t - blade  pitch  ( a ir f ci  1/ p ref i 1 os) ; 


B - the  width  cf  grid/cascade  (air f oi 1/orcf il°) ; 


span  of  +he  blade 


(grid/cascade) ; 


cnc  = 760  1 16 'M 
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p,  - the  angles  of  setting  a i rfc  i 1/ \ tot  iles  ; 


d - the  mean  diameter  cf  cria/cascade  (circular); 


; 


the  ! of  the  width  of  channel  at  the  entrv,  iri  mean 

section  and  at  out  put/yield  ; 

6 is  a thickness  of  trailing  edge; 

F - a radius  of  the  rcunding  of  the  intake  and  trailinn  edges  of 
a i r£  c i 1/pr of  i le ; 

ate  skeletal/skeleton  ? angles  cf  the  entering  edges 
cf  a irt ril/prof il  >s ; 

are  the  s ke leta  1/ske letcn  7 angles  of  the  trailitii 


edges  cf  airfoil/profiles; 


r 
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= arcs  in  a 2 / 1 1 § = arcsin  a2/t2  - effective  carton  of 

gr id/cascades ; 

x,  y - the  coordinates  of  air foil / grc f ile , which  are 
simultaneously  the  coordinates  of  canal  surface; 

APj ; A32  - the  difference  between  the  width  cf  grid/cascade  and 
band/shroud/tires  entry  a lsc  at  output/yield  (hanging  of 

ba nu/ehroud/tires)  • 

Ay ! ; Ay2  - the  normal  distances  between  the  front  of 
grid/cascade  and  measuring  cross  sections  at  entry  and  at 
cu t pu t/y ield ; 

s - distance  from  entering  edge  to  the  assigned  cross  section 


throughout  ti  e enclosure  cf  airf ci 1/prctile  ; 
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»■„  arj  + h->  total  length  of  a ir f c i 1 / f r cf ile  of  back  anc  *be 
concave  surface  of  a i r f ci 1/ f r of i le . 


FOOTNOTE  ? . The  skeletal/skeleton  anqler  cf  airfoil/profile  these  are 
the  angles  between  the  tangent  to  camber  lire  cn  the  trailing  edges 
(illegible)  cf  grid/cascade  (Fig.  2).  FFDFCCTNCTE. 
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In  accordance  kith  the  rules  of  the  theory  of  similitude  and 
simulation,  and  also  t ho  taker  procedure  fcr  calculation  and 
construction  of  jr id/cascades,  are  introduced  cimensior.less 
(relative)  geometric  pa  ra  me  tort ; 


1 - -y  are  space; 


I - -i.  are  a relative 


•-4 


gr id/cascade ; 


the  t a n r i n a of 


are  relative  widths  cf  channels; 


J-i  - the  thickness  ratio  of  edge; 


a 


1 


;i 


are  relative  coordinates  cf  a irf oi 1/p  ref i lo ; 


- t he  relative  surface  roughness  of  airfoil/prof i lc 

(c ha nne  1 ) ; 


i j 
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i__t_  ue  a relative  distance  cn  the  enclosure  of 


airfoil/ profile. 


Tn  1. 1 c examination  of  the  joint  operation  cf  two  g rid /cascades 
(by  rczzle  and  worker),  i.e.,  during  the  design  of  step/stage,  are 
introduced  the  supplementary  geometric  parameters; 


*.  are  the  upper  (peripheral)  overlap/ceiling,  which  shews  .u 
increase  in  altitude  of  running  cascade  cf  periphery; 


4.  - lower  (is  reef)  ovc  r la  p/ce  i 1 ing  ; 


4-I.-I,  - complete  overlap/ceiling; 


ar  end  p>lay  - the  distance  her  ween  trailing  edges  nczzli 
and  hy  the  entering  edges  cf 


r unni ng  cascade. 
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Flow  conditions  of  the 
arc  determined  iy  the  joint 
establish/installed  also  in 
the  rules  of  simulation.  Tc 
+hcy  are  related: 


gas  through  the  grid/cascades  of  turbine-;; 
value  of  the  group  cf  the  parameters, 
accordance  with  theory  of  similitude  ar.d 
the  group  cf  regime  lattice  parameters 


•*».  - the  reentrance  arglos  of  flew  into  gr id/cascade ; 


M = c/a : \ = at;  e = “ are  d i mens icr, loss  inlet  velocities 
into  grid/cascade  or  after  grid/cascade ; c;  w is  an  inlet  velocity  cr 
at  outt  ut/yield  from  nozzle  ana  with  respect  running  cascades; 

j - velocity  cf  propagation  cf  slight  disturbances  (sp^t?  of 
s c u n d ) ; 


ara  critical  speed; 
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c*  - 1 1 act  uat  i ng  velocity  component; 


fir  - thp  interval  o t the  time  cf  the  averaging  of  speeds. 


The  1 im^r.sion  less  speeds  r;  X;  = Fey  nc  Ids  lumbers  are  calculate 
frcir  flew  parameters  at  entry  or  aft,;r  jr  i J/casca  le.  rue  indicated 
values  can  he  determined  by  absolute  or  relative  velocities.  In 
accordance  with  this,  is  utilized  the  following  indexing  of  values: 


1 - a*  the  entry  into  grid/cascade; 


2 - alter  grid/cascade; 


c - f cr  an  absolute  flew; 


w 


for  a relative  flew. 
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Thus,  for  instance,  the  of  Mach  number  and  ne  at  th 

entry  into  running  cascade  in  absolute  motion;  V*  *s  are  t h» 
same,  in  relative  motion  etc. 


The  aerodynamic  chari 


.cs  of  gric/cascades  are  called  th 


following  values: 


£ - the  coefficient  cf  energy  losses  ir  grid/cascade; 


oj;  $2  ~ the  flow  exit  angles  from  grid/cascade;  ^ is  a 
coefficient  of  expend i ture/con sump t ion . 


foi  the  designation  of  the  coefficients  cf  constituting  energy 
losses,  is  accepted  the  following  indexing: 


profile  losses; 
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ken  - tip  losses; 
kr  - edge  losses; 
tr  - friction  losses; 
sum  - the  total  losses. 

To  turbine-constructing  plants  and  in  laboratories  are  accept 
the  different  methods  of  the  designation  of  airfoil/profiles  and 
grid/cascades.  When  selecting  the  rotation  cf  grid/cascades:  in 
present  atlas  wera  considered  the  fundamental  Geometric  and  the 
performance  characteristics,  the  convergence,  cf  the  channels  of 
grid/cascade,  t h<~  optimum  reentrar.ee  angles  and  flow  discharge  and 
the  calculated  dimensionless  velocities.  Earlier  was  accepted  the 
notation,  in  which  the  first  letter  T indicated  the  group  of 
grid/cascade  (turbine) , the  second  letter  C or  F - the  type  of 
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grid/cascada  (nozzle,  working  jet/reactive  cr  wcrkei  is  active)  . T y 
numeral  0,  1,  2,  3,  ...  etc.  are  conditionally  shown  the  reentrancc 
angler  and  flow  discharge  {0  - the  lowest  angles  oi  departure) . Th 
last/latter  letter  in  designation  indicates  the  calculated  vucl 
number;  A are  subsonic  speeds,  b - transonic  arc  C - supersonic. 


For  the  target/pur pcse  ot  an  increase  in  the  clarity  during  * I 
de vn 1 c p me  n t of  atlas,  the  nctation  was  changed.  In  new  designaticrr 
the  rirst  letter  indicates  t h«r  type  cf  grid/cascade  (C  - nozzle  or 
worker  je t/reacti ve ; p - is  worker  active) . The  first  pair  of 
numerals  designates  the  optimum  reentrance  angle,  and  the  is  second 
optimum  ancle,  of  departure  (for  a i rfci  1/ profiles  with  reentrant'-’ 
angles  more  than  100°  the  first  three  numerals  designate  reentrant 
angle).  One  should  emphasize,  that  each  gric/cascade  can  work  in 
certain,  sufficiently  the  wide,  range  cf  the  reentrancc-  angles  at  : 
cutput/yiel  1 ; in  the  designation  of  a i t f oi 1/pr c f i le , are  indicated 
the  average  values  of  the  argles  of  the  optimum  zone,  given  in  M,r 
table  of  airfoil/profiles  (see  Table  1). 


Tie  last/latter  letter,  as  in  old  des  i gn a t ions,  determiner 
desian  conditions  according  to  ^ach  nun  her. 
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Indices  after  the  last/latter  letters  they  designate: 
nr  - meridian  shaping; 

k - the  grid/cascade  of  lew  altitude; 
p - the  grid/cascade  cf  revolving  diaphragms; 
i - grid/cascade  with  expanding  ducts. 

Thus,  for  instance,  grid/cascade  cf  aaaaaaaa  is  jet/r fact i v^ 
(nozzle  or  worker)  , designed  for  rcortrance  angle  a0  - d0°,  ana].'  of 
departure  or,  - 1S°,  subsonic  s{eeds  ano  carried  out  with  meridian 
shaping;  *■  h ; irid/cascades  of  Mnp  - active,  worker,  calculated 
are  recn*rance  angles  £,  - 30°  and  outptt/yield  32  = 21°,  subsonic 
speeds  and  carried  cut  for  a lew  altitude. 
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3.  Procpflur j for 
chu  tcff  fifties  of 


3xperimenta  1 3ft.erinir.inq  the  aerodynamic 
j rid/c ascades. 


The  primary  aerodynamic  characteristics,  given  in  atlas,  are  * 
coefficients  of  energy  lesses  in  g r id/c  asca  des  t and  to  tlie  flcv  « x 
angles  u(,  d?  depending  on  the  different  regiire  (m,  pe;  a0  ; 3t  : £0, 
otc.)  and  geometric  etc.)  parameters. 


All  the  characteristics,  except  and 

are  o 1 - a in«.  •.!  experimental  ly  the  way;  the  tests  cf  direct/s*  ra  igr.* 
and  tip  gr  i d/casca  ties  ir  wind  tunnels  by  *hc  method  of  the  tra  versa 
cf  flcv  oy  probes.  The  large  part  cf  *he  experimental  data  is  r^la* 
to  gri d/cascade  tests  in  air.  Some  characteristics  are  obtained  in 
the  steam  wiri  tunnels,  which  verk  on  water  varcr.  The 
application/use  wat^r  pair  itadt  it  possible  tc  considerably  expand 
the  ranges  of  i change  in  Pe  cumbers  and  w,  tc  reliably  measure  the 
coeftici  nt.s  of  the  expenditure  ot  grid/cascades  and  to  carry  cib  * 
study  cf  g rid/cascades  ct  the.  presence  cf  humidity. 
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Fig.  3.  Piagratr  of  large  steam-air  wind  tunnel  the  "PI:  1 - 

ccnverning  nozzle  section;  2 - the  directing  nczzl°;  3 - f he  iriv 
cf  sliaes;  4 - slides;  r'  - the  hatch  cf  coordinate  spacer  arparat 
6 - the  exhaust  chamber;  7 - diffuser;  8 — the  land  plates  of 


package 
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The  preliminary  investigations  shewed  that  tests  of  grid  for  air 
and  overheated  to  pair  give  the  satisfactory  agreement  of  results; 
profile  pressure  distribution,  the  coefficients  of  losses  and  flew 
rate,  obtained  by  air  and  steam  tests,  they  will  agree  well  between 
themsel ves. 


Design  concepts  of  the  used  wind  tunnels  for  the  study  of 
gr id/casca des  are  very  diverse.  Very  frequently  in  the  MPT  are 
utilized  air  and  vapour  pipes  with  the  rotary  walls  of  distributing 
nozzle,  closed  (or  cnencd)  by  test  section  and  diffuser. 


Frineiple  diagram  cf  cue  cf  the  tubes  with  closed  test  sectior 
is  shewn  in  Fig.  3.  The  study  cf  grid/cascades  in  this  tube  is 
realize/accomplished  on  vapor  and  air.  In  test  section  are 
establish/installed  the  packages  of  blades  by  height/altitude  to  100 
irm  by  length  along  tron’-  tc  3FC  mu.  The  reertrance  angle  of  flew  into 
gc id/casca de  is  changed  frcir  1 c tc  165°.  The  flew  exit  angle  car. 
oscillate  within  limits  from  R to  50°.  At  cut  put /yield  into  test 
section,  is  plac'i  converging  nozzle  section  1.  The  pressure  chan, her 
cf  test  section  provides  tie  uniform  field  cf  the  speeds  of  flew  at 
the  ertiy  into  distributing  nozzle  2,  ar  r a nge/ 1 ccat  ed  before  e p 


gr i d/casca de.  In  pressure  chamber  is  at  tanged  the  vent  systoj  for 
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detfr  mining  the 
construction  ot 
measurements  ot 


static  pressures  and  pressures  cf  braxing.  The 
tes4-  section  makes  it  possible  to  conduct  the  point 
flow  direction  at  the  entry  intc  grid/cascade. 


The  reentrance  angle  cf  tlcw  in^c  grid/cascade  is  assigned  by 
distributing  nozzle  2,  which  specially  shaped  tc  the  assigned  range 
cf  the  reertrar.ee  angles  and  Mach  numbers.  Fotary  nozzle  liners  arc- 
fastened  motionlessly  tc  the  bard  plates  cf  8 package  of  blades  and 
together  with  it  are  -stall  ish/ir.stalleu  in  test  section.  In  test 
section  the  package  is  clarpped  by  sliders  U,  which  have  helical 
drives  3.  At  output/yield  fren  grid/cascade,  is  establ ishe d/in st a 1 1 ed 
diffuser  7,  which  makes  it  possible  sub stantial  ly  *o  increase  Mac: 
number  at  output/yield  frcir  grid/cascade. 


The  exhaust  chamber  has  the  branched  vent  system  for  the 
measurement  of  static  pressures.  1 ere  are  placed  probes  for  the  study 
cf  flew  after  grid/cascade.  Probes  are  moved  ir  the  special  hatch  of 
coordinate  spacer  apparatus  5,  where  it  is  fixed  on  the  condensed 
stcck/rod  of  the  coordinate  spacer  apparatus,  which  has  four  degree 
cr  freedom. 
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Control  of  the  coordinate  spacer  apparatus, 
established/installed  on  test  section,  complete  automatic.  There  ar" 
several  protective  systems,  which  duplicate  one  another  and 
eliminating  a breakage  in  the  { iol.e  in  the  process  or  experiment. 


Fy  the  direct  continuation  of  test  section  serves  the  diffuser, 
carried  out  with  the  relation  of  the  yield  cress  sections  and  entry, 
epual  to  2.0-2. 5.  The  corresponding  pressure  ratio  in  diffuser  is 
2-2.5.  Diffuser  is  connected  with  the  exhaust  auct,  derived  into 
condense  r/capacitor. 


During  determining  the  total  characteristics  of  grid/cascadep, 
the  inlet  boundary  layer  into  grid/cascade  was  not 

intercept/detached , and  the  thickness  cf  it  comprised  6 = 1.5-2. 5 ms 

depending  cn  mode/cond  it  ions  (Pe  numbers  and  f')  . Thus,  the  fi^ld  of 
inlet  velocities  by  height  cf  grid/cascade  during  tests  was 
nenuniform.  The  open  end  play  (clearance  between  the  distributing 
nozzle  and  the  band/shroud/ tires  of  jr  i c/c  asca  de)  he  was  accepted 
zero.  Ov nr  1 a p/cei 1 i ng  in  ex (fi iu°r  ts  was  accepted  different:  nozzl' 
cascades  were  exper ience/tested  without  overlap/ceiling,  and  workers 
- with  overlap/ceiling  from  1.5  to  3 mm  to  side.  The  number  of  blades 
in  package  composed  z = f-12. 


- 


I 
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The  measurement  flew  parameters  was  conducted  at  a distance 
(C. 1-0.2)  1 (b  is  an  airfoil  chord)  by  the  pneu ncmetric  probes  of 

complete  and  static  pressure  and  ly  azimuth  scale  protractor.  The 
cuter  diameter  of  the  picture  tubes  cf  prohes  is  accepted  0.5-0.  P in;  . 


Processing  the  experimental  data  ms  conducted  by  conventional 
procedure  [6].  For  determining  the  local  coefficients  or  th°  losses 
cf  aaaa,  was  measured  constant  stagnation  pressure  before 
grid/cascade  pQ,  chanie  of  the  stagnation  pressure  in  each  point. 
af‘ti'  the  grid/cascade  of  aaaa  ar.d  static  pressure  after  grid/cascade 

F i • 


The  coefficient  of  energy  losses  at  pcint  was  determined  from 
known  formula  [6] 


L-4-Tr.n  1 *-»• 


(i) 
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where  of  the  • - * - ratio  of  pressure  at  point  after  grid/cascade 


**< -**•-*•>  - a change  of  the  stagnation  pressure  in 

grid/cascade ; 


Fo  - (Po  ~ Pi)  - excess  initial  pressure. 

Before  * he  spout  of  probe  at  supersonic  speeds,  is  formed  “he 
normal  shock  wave;  the  correction,  which  ccnsiders  a change  of  the 
stagnation  pressure  in  jump,  easy  tQ  introduce  into  equation  (1). 
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l t:t  us  f. resen* 


**-*#.-  A»„. 


where  the  m.  - readinq  in  a rctneter  ; 

- the  chanqe  cf  the  stay nati.cn  pressure  in  normal  shocr 
deteririn-1  in  fhe  formula: 


here  v,  is  ’lach  mu  inter  before  the  jutsf; 
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k - the  index  of  isentropic  f icc^ss. 


The  averaging  cf  losses  after  grid/cascade  was  conducted 
directly  by  area  by  graphical  integration  ret  allowing  for 
expenditure  velocity  component.  This  averaging  gives  to  somewhat  to 
high  less  factors. 


Pressure  measurements  were  realize/acccmpl  ished  by  II-  shape  d 
water  or  mercury  pressure  gauges.  With  large  pressure  differentials 
which  correspond  to  supersonic  speeds  after  grid/cascade,  the 
rreasuremi-  nts  were  carried  cut  ly  spring  specimen  manometers. 
Temperatures  w°te  measured  by  platinum  resistance  thermometers  and 
mercury  thermometers  with  scale  value  0.1°C.  Curing  the  s^udy  cf 
grid/cascades  on  water  vapor,  all  the  coupling  communications  ci  *i 
meters  of  pressure  were  der  i ve/ccncluded  hcri zc rta lly , in  crier  *0 
exclude  the  effect  being  condensed  pair  on  readings  of  manometers. 
The  flow  exit  angle  was  measured  ly  probe  Ly  the  azimuth  seal*3 


protractor,  picture  tubes  cf  which  were  arranged  one  above  another. 
This  arr  anqetr  - nt  of  *ubes  made  it  possible  to  considerably  dec  re  a. 
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■in  error  of  measurement  of  the  flow  exit  angle  in  poin*,  which 
being  strongly  changed  cn  lattice  spacing. 

. 

Systematic  invest iqatiens  and  the  careful  calibration  or 
instruments  ensured  the  high  a ecu  racy/  j.  r ec  isic  r of  experiment.  i.. 
accuracy/precision  cf  the  determination  of  the  coefficient  of  loss' 

Q in  airfoil  cascade  during  static  investigations  it  is  possihl 
estimate,  by  utilizing  the  com mon/qe nc r a 1/ 1 ct a 1 expression  for  *-:• 
calculation  of  the  maximum  relative  "net: 
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\ 
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tie  accuracy  of  reading  cf  the  entering  the  formula  value?  it 
comprises:  w4#,-4»i-*,-  C.5  mm  irorcury  cclunr  (in  experiments  or. 

mercury  [r^sfuie  gauges). 


let  us  examine  the  concre te/s peci f ic/act ue 1 case  in  practice 
ninimum  the  pressure  differential  in  gtid/cascade  when  using  the 
mercury  pressure  gauges:  p'0  - 250  mm  irercury  cclumn;  the  remaining 
parameters  of  measurements  the  following:  pt  = 750  mm  Hg.  column; 

V,  = 1 1 min  Hg.  column.  The  ratio  cf  pressure  cn  cascade  composes 
• = 0.75,  and  the  coefficient  of  losses  £ = £Jo/o. 

Calculation  for  ^his  mcdc/conditicns  gives  the  maximum  relative 


I 
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the  absolute  error  cf  determination  £ in  this  case  comprises 


At  - 2:0,1**. 


necessary  to  note  that  the  basic  experimental  error  during  the 
static  studios  of  grid/cascades  is  connected  with  a relative  error 
valu°  determination  of  **,.  The  i cot- mea  r-squa  re  error  of 
experiments,  which  characterizes  the  value  cf  random  errors  during 
deter n inat ion  C,  comprised  +-  (0.3-0. 6)  c/c.  The  accuracy/precision 

cf  the  angle  measurement  cf  flew  discharge  frem  q r i d/casca des 
comprised  in  experiments  0.3-C.50. 


in 


Turing  the  determination  cf  the 


Es  of  t Ew  f 1 ow  rati 
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in  no2zle  and  runninq  cascades,  the  c’al  ccr.sun  fti  cn  of  air  was 
determined  from  metering  orifice  with  a ecu  r acy/ precis  ion  +-1.5o/c, 
while  during  the  studies  cf  grid/cascades  cn  water  vapor  with  the  ail 
c£  measuring  tanks  - with  accur acy/prec is i cr  +-C.5o/o.  Theoretical 
flew  rate  was  calculated  freir  the  fcrirula: 


where  Fj  is  ar  area  of  the  mininrun  cress  secticr  cf  nozzle. 
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Key:  (1)-  Adopted  in  noLsnal  designations  cf  a i r foi 1/prof ile 

Fance  of  an  lies  in  deg.  (3).  Strength  characteristics  l. 
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FCOTNCTF  1 . Arc  jiven  ter  nozzle  cascades  ty  width  B = 25  mm  aid  for 
running  cascades  fy  width  B - s<P  aim;  u>Xj  - torque/mosien  ts  of 

resistance  of  a ir f oi 1/ pr cr i les  relative  tc  axle/axes  of  x- x and  y-y 
(Fig.  U)  ; JM ; Sy  - the  terque/moments  of  inertia  relative  to 
axle/axes  of  x- x and  y-y  (cm3)  ; F - sectional  area  tlado  (cm3)  . 
FNCFOCT  NCTF . 


(4).  rlu  designation  of  airfoil/prefile.  (5)  the  organizations,  which 
develcped  airfoil/profile.  (6).  output/yield.  (1).  entry.  (B) . named 
after  Krylov.  (4).  named  after  Krylov. 
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€ 4.  General  table  of  the  a irf cil/prcf i les  cf  turbine  grid/c.asc  ie<  . 


Tie  given  in  the  present  atlas  jet/reactive  and  impulse  cascades 
are  subdivided  into  3 groups:  1 - subsonic  *—  = 0.4-0. 9 (group  A), 

2 - transonic  0.9-1. 2 (group  t)  and  3 - supersonic  r > 1.2 

(group  c)  . 


The  a irf oi 1/prof i 1 es  cf  group  A lave  enclosures  vary  smoothly 
curvature,  whereupon  intake  and  trailing  odce  are  rounded  off.  Var.e 
channels  are  carried  out  teinq  smoothly  constricted  to  output/vield. 
The  maximun  convergence  corresponds  to  the  charnels  of  nozzle  and 
jet/reactive  running  cascades,  and  aini/rum  - to  the  channels  of 
active  running  cascades. 


For  low  relative  height/altitudes  imruise  cascades  should  be 
performed  with  di ve tgent-cc rvergen t channels  (group  of  *«>•  whil- 

for  nozzle  cascades  is  applied  three-diirensiona  1/space,  meridional 


shapirg  (group  of 
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The  airfoil/profiles  cf  nozzle  cascades  fcr  transonic  speeds 
(group  6)  are  carried  cu*  with  straight  portions  on  back,  in  skcw 
shear.  Th«  active  running  cascades  cf  group  b have  rectilinear 
enclosures  also  on  the  intake-  cf  Lack.  Channels  of  the  grid/cascad  <~-s 
ct  this  croup  being  smoothly  constricted.  !\  radius  of  the  rounding  o 
entering  edges  is  decreased. 

Nczzl  a cascades  for  supersonic  steeds  (group  c)  at*3  carried  cut 

wit)  concave  surface  on  the  output  section  cf  tack  in  skew  shear.  ~c 
hinh  supersonic  speeds  vane  channels  ccnstrict-teing  expanded. 
Impulse  cascades  with  yt  > 1 . ^ are  fulfilled  also  with  the 
contracting- expand ing  channels. 


Tn  atlas  are  given  the  a ir f oi 1/ p r c f i 1^ s cf  the  characteristic 
cress  sections  of  the  step/stages  ct  large  tanning.  Foot  cross 
snet  ici are  intended  for  a work  at  the  reertrarce  angles  of  flow 
equal  or  less  than  angle  of  departure  f,  ftem  grid/cascade. 
Peripheral  cross  sections  are  designed  at  angles  of  f'ntry 
considerably  exceed  90°. 


K 1:  ic  t. 
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Aie  separately  examined  the  airrcil/prcfiles  of  the  nozzle 
cascades,  intended  for  the  intermediate  step/stages,  wnich  violK  in 
the  lew  relations  of  jet/reactive  gr id/cascades  with  low 

reentranc0  angle  <t  0 < 90°. 

All  the  given  in  atlas  air  fei  1/prc  t iles  ar.d  their  basic 
g e c in  e t r i c and  r e j i m e parameters  are  brought  in  7 a j 1 a 1 - 

c 5.  Standards  to  cascade  profiles. 

Ihe  used  at  the  point  cf  at  present  turbine-constructing  plants 
airfoil/prcf iles  of  turbine  grid/cascades  have  low  profile  and  tip 
losses.  The  nomenclature  of  these  a i r f c i 1/f tof i les  is  very  area*. 

For  the  target/pu rpese  of  the  limitation  cf  the  number  of 
a iif cil/pref i Ips  and  their  typical  dimensions,  [art  of  the 
airfoil /prof il^s  of  nozzle  and  running  cascades  is  normalize!,  lr 
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st and  aid  ar?  included  tie  air foil/ prefiles  cnly  for  subsonic  speeds 
(group  A).  Table  2 gives  the  basic  parameters  ct  the  normalized 
qr iu/cascades. 


Standard  includes  tour  airfoil/pref il»  of  r.o<  Le  blades  and  nine 
airf c i 1/prcf i les  of  active  type  rotor  l lades.  Tie  airf oil/ prof il^ s ct 
the  nozzle  (guides)  grid/cascades  H- 1 , h-2  and  F-4  have  approximat  ly 
the  identical  range  of  the  flow  exit  angles  i,  - 9-15°  (2.0°)  , hut 

different  mechanical  characteristics.  The  a ir to  il/prof i les  of  running 
cascades  cover  the  range  of  angles  cf  departure  3a  - 17-34°.  Tie 
optimum  reentrance  angles  are  changed  in  interval  3,  - 20-50°. 


Table  2 gives  t ho  new  designations  of  airf  ci  1/prof  ilos.  Ccirt  l*  te 
designations  le*  us  examine  in  an  example  cr  airfoil/profiles  H-1Z-B 
and  4P-42-D.  li  re  letter  H and  with  respect  to  F indicates  the  *yi  ' 
cf  grid/cascade  (directing,  i.e.,  nozzle  and  worker).  Numeral  af*-r 
letters  H and  P (1,  2,  3,  4,  ...)  indicates  the  organization,  which 

d e vc  1 c pc u a i r f oi  1/ p r of  i le . 


For  running  cascades  * he  numerals  before  letter  P indicate  *!,*■ 


angle  cl  rotation  of  flew 


i .p 


the  g e c :n<->  ♦ l y cf  a ir  f oi  1/p  ro  f i 1 e oi 


:n  cf  tVe  strength  cha Lactori st irs  of 
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letter  V gives  the  width  cl  ail f oil/prcf ile  in  millimeters.  Ail 
airfoil/prof ilos  ol  the  nozzle  and  running  cascades  of  the 
development,  cf  group  depending  on  the  thickness  ratio  of  trail  i 
edge  6. 


na 


• i 


Aerodynamic  characteristics  include  the  dependences  of  the 
coefficients  of  the  profile  and  tip  energy  losses  and  flow  exit 

angles  trot!  the  basic  gecnetric  a rd  regime  lattice  parameters. 

Chara  cterist ics  are  obtained  experimentally,  the  t^sts  of  lattices  in 
wind  tunnels  by  the  method  cf  traversing,  with  the  cu+-off  of  the 
boundary  layer  of  the  distributing  nozzles  cf  test  sections. 


Aerodynamic  characteristics  can  be  reliably  used  when  selecting 
t he  optimum  version  of  grid/cascades  fer  the  design/projected 
step /stage,  and  also  to  evaluate  the  effect  of  the  marked  cu‘  changes 
in  the  geometric  and  regime  parameters. 

F 6.  Strength  air  foil  data. 


k 

I 


For  struct  ura  1 /design  irclding  and  strength  calculation  of  llad* 


r 


secticn  (Fig-  4)  can  be  determined  by  +he  different  methods,  kr 
the  lit  erat  ure  [ 18  ]. 


cwr.  in 


The  coordinates  of  the  ccrtei  of  gravity  x0  and  Y0  are  obtained 
frcm  the  condition  cf  equality  tc  zero  cf  static  moments  relative  to 
central  axle/ axes. 


The  area  of  a i r f o i 1/ pr c f i le  F was  determined  by  the  measuring 
with  planimeter  of  the  cress  section,  traced  tc  scale  10:1,  and  it 
was  checked  analytically,  by  the  indicated  nrothed. 


The  moments  of  inertia  cf  and  ^ are  calculated 

relative  tc  axle/axes  x,  and  y,,  parallel  tc  x and  y axes  and  passing 
through  the  center  cf  gravity  cf  a i r f o i 1/rr cf  i le  (Fig.  4). 


y 


V: . „ 
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In  the  majority  of  cases  for  turbine  Hades,  the  principal  axe: 
of  inertia  £ and  of  aaaa  compose  with  axle/axes  x,  and  y, 
suit  icio  n4-  1 y small  a n 9 1 e ; however,  if  necessary  the  principal  moment 
cf  inertia  of  A and  and  angle  cf  rotation  p the  principal 

axis  cf  inertia  relative  to  X-axis  can  le  determined  by  formulas 


“ y/  Um. — 1 vi*  ] 


' f » T^w  + ^tl 


f r «!.„  ); 


where-  the 


is  product  of  inertia. 


Fy  having  geometric  parameters  of 


ile  and  momei  t c 


inertia,  it  is  possible  to  determine  the  modulus  of  section,  relatii 


to  the  appropriate  axle/axis: 


here  J is  the  moment  of 


inertia  relative  to  which  interests  us  axle/axis; 


- the  maximum  distance  from  this  axle/axis  to  th<»  pciiC 


I 
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cf  a irfoil/^rof ile. 

[ Give  in  the  tables  of  the  atlas  of  value  v are  related: 

I 

- the  moment  cf  Lesistar.ee  £cl  a lack  relative  to 

ax le/axis  x x ; 

■».  - moment  cf  resistance  fer  edges  relative  to  axle/axis 

; 

- moment  ct  resistance  fer  an  entering  edge  rel.i'ive  to 

axle/ axis  y , ; 

- moment  of  resistance  foi  a trailing  edge  relative  +c 

axle/axis  y,. 

For  tie  calculation  cf  the  vitraticn  characteristics  cf  Mad.  , 


k 


I 


it  is  necessary  to  know  the  radius  of  inertia 


fch  ich  can  be  found  on 


ll 
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When  the  chord  changes,  it  is  advisable  to  select  the  radius 
of  curvature  not  in  terms  of  a linear  dependence,  but  according 
to  the  formula 

v%- 

where  « and  r,  are  the  radii  of  curvature  of  the  exit  edge  of  a 
newly  designed  and  initial  profile. 


EOC  = 76021693 


P AG  F 


During  the  design  cf  the  1 lades  of  steam  ard  gas  turbines,  n ust 
he  satisfied  rhe  requirements  f cr  cost - ef f e ct i veness/e f f ic ienc y , 
strength  ar.d  manufacturability.  First,  are  performed  thermal  an  1 
gas-dynamic  calculations,  is  ccnstructed  blade,  and  then  is  fulfilled 
verifying  stress  analysis,  i. e . , are  determined  the  acting  in  blade 
voltage/stresses  and  are  ccmiared  with  permissible.  Safety  factor 
must  correspond  to  the  ’-aken  norms.  In  work  with  the  high 
temperatures  propellants,  it  is  necessary  tc  carry  out  the 
calculations  foL  creep,  and  alsc  tc  corsider  thermal  stresses. 
Furthermore,  is  checked  dynamic  strength  cf  blades,  connected  with 
their  osci llati cn/ vibrat ions.  All  tnese  guestiers  minutely  are 
examined  in  special  courses  [ 18];  here  will  be  only  given  the  rasic 
formulas  for  -he  stress  analysis  of  blades,  which  are  located  under 
the  action  or  centrifugal  forces  and  gas  fctce. 

In  th,?  general  case  of  the  blide  cf  variable  profile,  given  in 
Fig.  F,  the  freaking  stress  i r.  cross  secticr.  at  a distance  x from 
edge  of  blade  into  disk  will  1 e writtei  as 


tearing 


DOC 


7f 021693 


F AG  t 


where 

Made, 


ta  n i u? 


F 


(M 


he  i jV (r.  k i) * are  the  centrifugal  force  of  part  of  th 

arrange/ located  between  radii  of  1 *>  and  ►.  + *); 


r.  ••*»>«  are  the  centrifuqal  fctce  of  ta  nd/shroud /t  ir  o ; 


[ m2 ] - the  c toss-sect io n&  1 area  c£  tlade  on  an  arbitrary 

of  fr.  + *)■ 


[ kq/n 3 1 are  a density  of  metal; 


f 1/sek  1 - anqulir  velocity; 


m 
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V [n3]  - the  volume  of  the  band/shroud/t ir e,  which  is  necessary 
t c one  blade. 


If  blade  is  diviied  into  a series  cf  sections  and  in  each  cf 
them  area  f is  considered  constart,  then  the  stress  in  the  i cross 
secticr.  of  the-  blade  through  +he  stress  in  that  preced  ir.  g/rrev  ieus 
trcm  top  will  be  written  in  the  fcrir  [19] 


(#) 


the  readinq  of  cross  sections  it  is  conducted  from  periphery  + o 
the  rcot  of  blade,  and  coordinate,  x is  counted  off  from  root  cross 
secticr. 

For  the  approximate  computations  cf  stress  the  in  tip  cross 
sections  of  Hades  it  is  possible  tc  use  the  tcllowinq  formulas: 


1.  For  blade  of  constant  airf  cil/prot  ile 


« »»£[£]  m 


2.  For  the  blade  of  the  a 1 1 cr  nat  i ng/  va  ria  L le  cross  section  »hor. 
the  areas  of  airf oi 1/prcf ile  are  changed  according  to  linear  law. 
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foL  the  ca leu  1 it  ion  of  blades  for  tending  wo  will  use  Fig.  5, 
only  number  of  cross  sections  new  we  will  relate  to  sections, 
beginning  with  the  first. 


rage  12. 


Through  the  Ixx,  to  the  lot  us  designate  the  length  of  the  i sec^i 
while  through  the  x,  - distarce  from  blade  root  to  the  middle  of 
the  i section. 


let  us  find  t he  bending  moments  of  the  force 
gases  relat've  *o  axlo/axes  u-o  and  a-c  (see  Fig. 


cf  pressure  of 

4)  in  the  lower 


V c t g : 


Pm  G/  (Ctm  — C i^), 

G,  (c „ - c,J  + 0>,  — pt),tz,  Ax, 


i 

t : t bending  moment?  wit)  respect.  tc  cf  the  principal  central 
inertia  cx^s  are  determined  fren  +he  fcimulas: 


;4*r 
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•M,  (x„)  <W.  sin  v — M.  cos  y,  | 

•M,  (x„)  M.  cos  y + M.  sin  y-  I 


tl  er:  t.}.<  stress  on  *he  trailing  ea  gt  ot  tlade1,  caused  by  bendini 
the  fcrcos  cf  pressure  cf  gases. 


n.  |x.)  + -**l 'L..  >•»  . 

■w. 


01) 


analogously  are  determined  the  stresses  cr  entering  edge  an 


c f blade  rack. 


F a g e 13. 


Chart  er  II. 


CMCI1I  A T T O M AMD  TilF  SHAFTNG  OF  I****/ CASCADES. 


7.  Selection  ot  *he  type  cf  grid/cascade  and  its  fundamental 


cl. a ractf  ri:  t ics . 
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Selection  and  detailed  calculation  cf  grid/cascades  for  tl.*- 
desig r/pro jectod  step/stage  is  rea  1 i ze/acccirpl  is  hed  on  the  basis  cf 
the  data  of  preliminary  thermal  design.  Acccrlirg  t0  those  data  arc 
€S*ahl  isi./ installed  the  tentative  values  of  velocities  at  entrance 
and  exit  from  grid/cascade  c,,  wlf  w?  (and,  correspondingly, 

*»**)  angles  a,;  f , ; £p;  a?  in  absolute  and  relative  motion  and 

also  the  distribution  of  the  parameters  and  reaction  by  height  cf 
Hade. 


For  the  step/stages  ct  lew  correctness  (with  large  relation 
diameter  tc  spun  of  the  blade  € > 20)  a change  in  the  parameters  in  i 
radius  is  small  for  the  selection  cf  gr id/cascades  sufficient  tc 
examine  vefoci’-y  triangie£  dt  the  n'-ar.  diameter. 


In  the  step/stages  of  large  fanning,  it  is  necessary  *c  select 
cascade  profiles  for  several  ness  sec*  iens  cn  a radius,  construct  j t j 
then  cf  blade  taking  into  accoui ♦ the  special  f ea t ure/pecu 1 iar i t ies 
cf  spatial  flow,  strength  and  technology  cf  manufacture. 


DCC  = 7(0  31  (,9  3 


Tr  flew  arc.i  of  multistaged  turbine,  the  specific  volumes,  w ch 
numbers  and  Re  in  absolute  metien  are  clanged  within  very  wide 
limit?.  Consequently,  height/altitudes,  and  alec  the  optimum  terns  of 
the  airfoil/protiles  of  nczzle  and  running  cascades  will  be  different 
fer  different  step/ stages. 


6 k . Calculation  of  potential  flow  and  the  methods  of  the  shaping  of 
grid/cascades  a*  subsonic  speeds. 


Ir  the  theory  of  air  toil  cascades,  are  examined  two  basic  task 
(is  straight  line  and  re  verse/  i rve  rse)  . Di  r ec  t/ st  ra  igh  t the  probl  n 
is  that  on  tie  assigned  term  of  airfoil/prefile  and  its  arrangement 
in  qr id/cascade  (ancle  cf  settirg  and  the  space),  velocity  and  its 
direction  to  grid/ cascade  are  determined:  the  distribution  ct  speed 
according  to  the.  enclosures  cf  a ir  f c i 1/ pr  cf  ile  and  flow  direction 
after  ur id/cascad - , and  also  the  forces,  which  act  on  airfoil/profile 
in  qr  id/cascade.  The  obtained  as  a result,  cf  the  solution  *c  iir  c* 
problem  distribution  of  speeds  makes  it  possible  to  estimate  the 

degree  of  the  aerodynamic  clearness  of  the  torn  of  airfoil/p rot  il 
and  channel,  to  determine  the  sections  whese  flew  about  car  turn  oir 
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to  he  unsatisfactory. 


Another  task,  reverse/inverse , entails  the  determination  of  the 
fern  ct  a i if cil/pr of ile  and  its  arrangement  in  crid/cascade  from  t 1 e 
specified  distribution  cf  speeds  along  the  enclosures  of 
a irfoil/prof ile,  and  also  from  seme  geometric  parameters  of  the 
airf oil/prefile:  the  thickness  and  the  form  of  trailing  edge,  the 
area  cf  airfoil/profile  and  so  forth.  Ihe  solution  cf  the  reverse 
problem  makes  it  possible  tc  construct  the  highly  efficient, 
airfoil/profile,  which  satisfies  the  predetermined  rational 
distribution  or  speeds  according  to  the  enclosures  cf 

airfcil/prcfile. 


Is  known  many  methods  of  the  solution  cf  the  in  Heated  problems 
tasic  from  which,  depending  on  The  ur-eu  methods  and  the  hydrodynamic 
diagrams  of  flow,  can  he  broker  into  the  following  groups  1 . 

FCCtNCTr  within  the  framework  cf  atlas,  is  impossible  the 
consecutive  presentation  of  the  methods  of  calculation  of 
poten  fia  lcascade  flow.  iler°  is  given  only  short  list  of  methods  with 
references  to  appropriate  literature.  Ts  ir  mere  detail  sposle 
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entire  zone  of  flow,  which  requires  the  high  expenditures  of  *im«-  arid 
is  not  justified  by  the  necessities  of  practice. 


tor  the  more  effect ivc  solution  cf  direct  problem  of  the  theory 
cf  hydrodynamic  jr i ds/cascades  (calculation  of  speed  distribution 
according  to  ‘hr  duct  of  a ir f oi 1/p t of i le)  are  utilized  the  integral 
equations  of  the  relatively  unknown  functions,  connected  with  flew 
around  the  assigned  air fei  1/prcf ile.  Methods  cf  calculation  according 
to  integral  equations  are  more  convenient  fer  a programming  and 
therefore  they  they  can  be  recommended  fer  the  machine  solu+ior  cf 
problem  [23].  This  method  is  based  on  the  solution  to  the  integral 
equation,  unknown  function  in  which  is  the  velccity  potential. 


The  solution  to  *his  equation  can  be  feund  by  successive 
approximation,  lor  solving  such  ar  eguaticr  in  the  calculator  of 
FVw-20  ir.  TsKTl,  is  comprised  +he  program,  which  provides  for  *nc 
calculation  of  the  air  f o i 1/ proi  i les,  assigned  bc*h  circular  arcs  at.': 
by  the  cuts  cf  straight  lines  and  assigned  by  the  coordinates  of  back 
and  concave  surface;  in  this  case  the  coordinates  irus‘  be 

issign  d/pi  rscritx  1 with  even  pitch.  The  calculations  show  that  v ; t 
the  sufficiently  large  nunter  cf  ir*ervals  cf  the  lavinf  out  of  t':< 
duct  cf  the  a it  foi  1/pr  of  i le  (r  = 120)  cf  the  diagram/curve  of  speed:'. 
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be  for  e i4od8  1 0 i n 7 1 n-j  s kc  1 (■  kc  bclee  to  p red  st.a  v lu  za  tem  potor 
ta  h 1 t ♦■it  lc  p rinh  pol ucca  sare  not  arenas  nctwastherebudafter,  1:  a v>* 
feei.have  not  beenO  2 14r  a i Icelcv  ~e  of ing c t k lcne n i ko torkoe 1 odev*- lof  fi 
the  simpl*  engineering  met  bed  cf  c al  cu  1 at  i c r. , tased  on  the  theory  of 
channel.  NDFCOTNOTE. 

1.  Methods,  based  on  the  solution  to  the  irt»gral  or 
li  tr  eren*  ial  e.niaticns  or  flow  ct  Timid  ir  g r i c/cascade  [2b,  37;  7 1. 


The  initial  3ifferential  equations,  which  describe  the  potential 
fTcw  cf  flow  about  the  grid/cascade  cf  the  incompressible  ideal 
fluid,  ar-  the  equations  cf  Laplace  for  unkrowr  velocity  potential  v 
(x,  y)  and  ‘he  function  of  the  current  ct  t |x,  y)  , which  ar<= 
equivalent  tr  ‘he  r pnticnr  cf  continuity  ard  absence  of 

j 

edd y/ vort ices.  These  equations  under  the  assigned  boundary  conditions 
(fciir  cf  a irfoi  1/prof  i le,  the  arrangement  i r.  grid/cascade  and  ‘he 
condition  cf  inleakage)  arc  solved  by  numerical  methods,  by 
successi ve  approximation. 

Indicat'd  calculation  of  the  flow  through  the  grid /cascade  is 
connected  with  the  leteririnaticn  cf  the  unkrowr  functions  in  an 
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ch  tai "eo  i i calculator,  coincides  well  wi*h  experimental.  The  tic. ire 
tim^,  necessary  tor  onc  calculation  ir  nachine,  is  5-6  Kir,  waiK  Iv 
janiiil  calculations  5 0-6C  h. 


2.  * > t hoi  . ui  the  solution  of  straight  lire  an  1 of  th<  ii.v 
p rol  1 *-  ir  of  * ! •■  ci.-icii  ' theories,  which  air  characterized  by  the 
apt  1 i cat  ion/us  >’  i methcu  of  ccifcrtral  mapping  F7;  17;  211. 


Tl  in  knewr.  the  i lew  alout  certain  simple  gr  id/cascad . (plate, 
cr  circles),  i.  e.  , is  krewr  the  arid  ctthcgcnal  to  each  otiirr  rf  * ... 
flew  lines  and  equi potential  lines,  then,  after  reflecting  this 
reoicn  *c  cor  Min  other,  it  is  possible  tc  cl  tain  the  flow  pattern  of 
the  arlitrarv,  preassigned  grid/cascade.  Py  these  methods  can  b*- 
solved  inverse-  problem.  The  difficulties,  which  appear  wh.en  using  a 
method  or  conformal  mapping,  consist  ir.  the  fact  that  is  unknow:,  the 
mapping  function;  it  it  is  necessary  tc  search  fer  by  successive 
approximation. 

3.  F’or  solution  r e verse/i  i ver  se  is  applied  also  th-»  hcdcqrai' 
analysis  which  was  for  the  first  time  proposed  to  N.  Ye.  doukowskis 
(1890)  . 
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Tie  practical  value  of  this  method  they  ccr.s is*  in  the  fact  ♦ • ♦ 
during  the  assignment  of  the  hedegraph  cf  speed  it  is  possible  to 
ensure  the  rational  distribution  of  speeds,  and  namely:  t o r j:  trie* 
the  maximum  velocity  and  tc  obtain  a mcrotcr.  ic  change  in  the  spe<=  t on 
the  larger  par’-  or  the  enclosure  cf  lirf cil/prcf ile.  The  expenditures 
cf  time  during  the  calculdt  jen  Vy  hodegrafh  analysis  are  groat  (i  y 
itariidl  calculations  30-cC  h). 


V»ry  frequently  fer  determining  flew  around  grid/cascade  v.  i ■*•  h 
the  airf cil/profiles  of  arbitrary  form  atf  applied  the  analog  methods 
cr  simulation  [3b;  171. 


Ir  t wo-d  imens  i cna  1 problems  of  the  flew  cf  ideal  fluid,  is  most 
common  tie  method  of  electrchydrodynamic  analogy  (hllDA),  which  is 
based  on  the  analogy  between  the  differential  equations  of  the  flow 
cf  electric  current  in  conductor  and  of  the  flew  of  ideal  fluid. 
Field  measurements  of  electric  potentials  cr  mcdel  give  the  picture 
cf  the  to^ential  distribution  of  the  speed  in  * he  foil  lattice  of 
airfcil/prcfi les. 
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Besides  elect rohydroaynamic  analogy,  frequently  is  applied  * L 
rneirbr  are/diaphragm  analcqy,  based  cr.  what  the  function  of  the 
sa  gg in q/de fleet  ion  of  d iaphr  ag  ir/mie  m bran  e and  the  function  cf  the 
current  of  flat/plane  eddy  cf  the  ideal  incompressible  fluid  is 
described  one  and  the  same  differential  equation  (equation  of 
Fcisacr) ; the  linen  of  the  equal  sa gq i rq/de f 1 ec ti cns  of 
diaphraqro/wembrane  depict  flow  lines,  and  the  an  j lee  of  the  slop*-  of 
its  surface  are  proportional  tc  trie  speed  cf  liquid. 


5.  The  approximate  ccirputatior  cf  the  distribution  of  the  sue  - ds 
according  to  airtoi 1/prcf lie  in  dense  qtid/cascade  can  he  carried  out 
by  using  solution  of  the  problem  of  the  flew  cf  qas  in  channel.  Since 
in  the  case  of  dense  grid/cascades  flow  in  skew  sh»ar  in  practice 
dees  not  depend  on  the  conditions  of  flew  cr:  the  intake  of 
a ir f o i 1/p rof i , can  be  approximately  flew  in  the  middle  part  of  the 
vane  channel  considered  as  flow  in  unit  channel,  by  disregarding  ♦ he 
irutuil  effect  of  airfoil/prefiles.  Ccnsiderat  icr.s  about  the 
calculation  of  irrotaticnal  flew  to  ir  channel  have  at  G . F’luegel  and 
A.  Stcdola.  Late  this  methed  was  developed,  by  G.  Yu.  Stepanov,  by  A. 
N . Sherstyuk  ard  G.  S.  Samoylov  icheni  f 7 ; 37;  45;  35]. 
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For  conducting  the  calculation  of  gr  id/carcade,  it  is  necessary 
tc  continue  channel  on  intake  and  in  skew  shear  at  output/yield  [7], 
Cn  the  output  section  of  channel  profile  car:  Le  continued  or.  stiai  ;hn 
line  AA'  (Fig.  G)  , which  is-  carried  cur  targentially  to  ooncav.- 
surface  at  an  angle  of  to*  On  duct  irlet  can  te  approximately 
continued  on  straight  line,  carried  out  at  an  angle  of  the  ent  rv  or 
flew  f j . 


The  integral  d *:  t • ■ r n in  a t io  r of  consumption  mist  Le  produced  or 
eg  uipotenti  il , since  speed  is  normal  *c  it.  However,  the  form  of 
equipetent  ial  is.  previously  unknown.  Calculations  show  that  t.ne  -rror 
is  small,  if  we  r ruipotertial  replace  with  the  curve  which  is  normal 
to  tne  walls  of  channel  (rcr  example  by  circular  arc). 

Spe  d 3 istr ib uti on  a] erg  r juipotortial  is  subordinated  to 
hyperbolic  law  and  is  selected  in  the  term  [7] 
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where  c - the  q as  velocity  in  the  arbitrary  pcint.  of  channel; 
ii  - coordinate  alcnq  equipcter.tial ; 

a;  h;  e are  the  coefficients  which  are  determined  from  th* 
h curd  ary  renditions: 

with 

1)  t,  (oi  the  hack  cf  a ir  f o i 1/ pr  cf  i le)  c = c,  and  a - c. 
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let  tie  rote  the  special  cases  which  car  meet  i n the  calculation: 


a)  r g *-?■  °°  and  rx  -r*  «;  then  e = 1/26; 


t ) i ) *,  then  |j  = 1 ; 


c)  tj  < 0 - a ir fo i 1/ prcf i le  has  rev°r£e/inverse  curvature;  fror 
(1h)  aid  (11)  wo  have:  j,  > 1 . 


From  formulas  (14)  ard  (15)  it  ie  c i<  v i c u e that  the  coefficient 
cr  consumption  p depends  only  cr  two  geometric  parameters  6 and  rz 
(see  Fig-  7)  . 


For  the  calculation  of  the  flow  of  co  tr  pre  ssih  le  liquid  in 
curvilinear  channel  ( M > 0.4)  it  is  necessary  tc  consider  densi+y 
charge,  over  a wide  range  ot  subsonic  speeds  (tc  !i  = 0.4-0. 9)  the 
channel  design  taking  intc  account  compressibility  can  oe  produced  by 
the  introduction  of  the  average  density  in  this  cross  section.  Is 
briefly  presented  t h®  order  of  calculation  cf  given  channel; 
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a)  after  in  the  calculated  channel  arc  inscribed  circumference 
and  are  carried  out  the  equipotential  through  he  points  of  contact 
cf  the  tangency  of  these  circumferences  with  walls,  is  determined  t 
length  of  equipotential  (circular  arcs)  6 ar.d  the  radii  of  curvatui 
cf  the  line  ofs  demarcation  of  channel  rt  and  l2  in  all  calculated 
cross-sect  ions: 


t)  further  for  each  equipctential  are  calculated  dimensionless 
geometric  parameters  <5;  r2;  s;  M according  to  fcrmulas  (14,  IS  aid 
16)  ; 


c)  are  determined  the  parameters  cf  gas  at  the  entry  into  *he 
grid/cascade:  dimensionless  speed  *•>  '„[■  the  given  consumption  g 
= q j (X,)  (on  the  tables  cf  gas-dynamic  functions); 


d)  average  given  consumption  along  channel  is  calculated  from 


the  given  consumption  at  the  entry  into  grid/cascade 


about  th°  accuracy/precisicn  cl  the  determination  of  the  speeds 
in  grid/cascade  by  the  method  cf  channel  it  is  possible  to  judge  ’ v 


Fig.  b,  where  is  giver  the  comparison  cf  calculation  and  experimental 
data  for  one  of  the  cr id/cascades.  The  approximate  computation  cf 

qrid/cascade  accoi  ling  to  the  method  cf  channel  is  fulfil] eu  durirq 
c-b  in  a i.  hour. 


; 

i 


£ d.  The  approximation  methods  of  the  const  ruction  of  subsonic 
grid/ cascades.  Lemniscate  method  1 . 


FCCTNOTc  1 . lemniscate  method  is  developed  together  with  lower  tv  V. 
Naumar. . Lemniscate  curve'-  for  airfcil/profiles  were  applied  hv 
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Zhuravlev  s.  i.  and  by  Kopelev  s.  Z.f  ard  alsc  ty  G.  I.  Khrushchev. 
ENDFCC1NOTE. 

The  methods  of  the  solution  of  the  reverse  problem  (construction 
cf  airfoil  cascades  enumerated  abcve  according  to  the  specified 
distribution  of  speeds)  have  the  essertial  deficiency/lacks,  basic 
from  which  they  are:  1)  large  labor  expense;  2)  arbitrariness  in 
selection  r'n»  1 iagr am/curve  of  the  speeds  even  3)  the  difficulty  cf 
the  construction  of  skew  shear  cf  grid/cascade  according  to  the 
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notaticiiS  of  lem  r isca  te  a ir foil/prof  il 


) . 0.625  d. 


(2)  . FvcJute. 
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lr  practice  are  widely  common  the  approximate  geometric  methods 
cf  thr  construction  of  the  a ir f ci 1/ pr cf i les  which  are  based  on 
rumeicus  experimental  data,  cr.f  ot  such  methods  is  the  curvature  of 
the  initial  axisymmet  r ic  a i r f o i 1/ p r cf  i 1 e cr  center  line  (center  lire 
is  the  locus  of  the  centers  of  the  circumferences,  inscribed  in 
airfoil/profile)  [44;  33].  As  center  lire  is  accepted  usually  the 
parabola,  tangent  to  which  at  entry  composes  with  the  tront  of 
arid/ cascade  angle  $i  , and  at  cutp.ut/yield 

The  constructed  according  tc  the  described  method  grid/cascades 
possess  sufficiently  lew  losses. 

To  M . I.  Joukowskis  [22]  is  proposed  the  method  of  the 
ccr.st r nc+ i cn  of  a i r f oi  1/ r ref  il es,  based  on  the  use  of  a series  cf  t;, 
well  experimentally  waste  qrid/cascades.  Erring  the  construction  of 
new  a irf oi 1/ profile f produce  themselves  small  changes  in  the  term  cf 
the  intake  or  output  sections  cf  Ho  adjacent  a irf  oil/prof  iles  cf 
thin  series,  since  th°  form  of  new  a i r f ci 1/ pref i le  is  close  to  the 

form  cf  the  initial  effective  a irfoi 1/ptof i les,  then  their 
characteristics  turn  out  tc  he  clcse. 


- mmmmmm 
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Are  utilized  also  the  methods  of  tie  ccnstmc*  ion  of  the 
enclosures  of  airfoil/profiles  alonq  curves,  wi  th  smooth ly-cha ngin  . 
curvature,  in  particular  cn  parabola  f 21  ]. 


Is  hero  briefly  presented  met h cd  cf  the  construction  cf  nozzle 

and  running  cascades  on  lenriscatt  curves.  As  the  basis  of  method,  i 
placed  the  experimental  material,  accumulated  hy  many 

scientific-research  organizations.  Lemniscate  [equation  (x?+  y ? ? = 
a?  (x?  is  y ? ) 1 it  turns  out  to  be  the  mest  favcrahle  curved  for  *i 
construction  or  subsonic  airfoil/profiles,  since  it  makes  it  ncssibl 
to  select  in  any  cross  section  of  channel  the  feint.  of  the  maximum 

curvature  and  to  ensure  a smooth  change  cf  the  curvature  alorif  + Le 
enclosures  of  airf ci 1/prcf  i le  (fio.  8)  . Scale  cf  ordinate  K , ( y ' 

K1y),  i+  is  possible  * c displace  pcint  F in  any  direction  in 
direct/st might,  x - O.o25  a and  thereby  t.o  ensure  the  desired  term  c: 
the  hack  of  a irfoi  1/prot  i le>  for  the  different  reentrance  angles  and 
flow  d i s ch a r g e . 


Tic?  flow  abou*  the  concave  surface  of  a 1 rf c i 1/prof ile  occurs,  a 
a rule,  with  accelerating  pressure  gradients,  ard  therefor*  here 
possibly  less  car  -fill  shaping.  Therefore  in  scire  parts  of  th--'  cor.cav 
Surface  of  lemniscate.  they  art  replaced  hy  circular  arcs. 
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Fdch  of  airfo  il/prcf  ilo  ccrsints  cf  the  following  parts  ( F i g , 


A.  Fac<  of  the  airfcil/prcfile 


1.  on*  - is  strai  ght  line  (there  exists  cr  ly  at  ur0  > 90°) 


?.  OK  (O  • * E)  - lemniscate  FC  j . 


7.  EC  is  leum  iscate  K 2 , formed  f rein  E F (K ,)  according  to  * 
de ter  mined  law. 


F . Thf  concave  surface: 


4.  AO  i.  lemniscate  K 3 . 


F/G  21/5 
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6.  DC  is  a circular  arc  of  radius  Ft. 

6.  A f or q > 90°  there  is  nc  part  AC,  and  there  is  only  arc  of 
circle  AC  (R,) . 

C.  The  intake  and  output  part  of  the  a ir f c i 1/ prof ile  are  formed 
from  circular  arcs  P2  and  R3. 

For  airfoil/profiles  with  the  reerttance  angles  of  flow  ot0  < 
10C°  tangent  to  camber  line  at  entry  was  selected  to  5°  less  than 
calculated  angle. 

the  constructions  of  airfoil/profile  assicned  are  the  roentrar.ee 
angles  and  output/yield  a0  (,cj)  and  a,  (3?),  airfoil  chord  (or  *h.e 
width  cf  grid/cascade  3).  Speeds  are  subsonic.  Plotting  scale  (a)  is 
selected  freely.  Subsequently  all  curve/graphs  and  tables  are  giv^-r 
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1.  On  the  preset  angle  of  output/yield  cr  02  on  Tatle  3 is 
selected  coefficient  Kt  and  is  constructed  the  lemnisca’-e  according 
to  formula  y*  = Kty  (Fig. 8)  (at  intermediate  ancles  one  should  use 
inter  j elation)  . 


2.  Is  determined  the  coefficient  K 2 : 


when 


r - si 

l es»*  *-*;“*<*-•> 


The  coefficient  of  and  ^ is  determined  depending  on  at 

(02)  from  Table  3.  On  the  basis  of  lemriscate  K|,  is  constructed  the 
curve  K 2 on  the  following  dependences  (Fig.  8): 


at  ora  < 90°  h*  = K'2h1;  at  <*0  > 90®  h*'  = K»'21. 


3.  Point  c lie/rests  or.  the-  curve  K2.  Its  coordinates  of 


are  determined  from  Table  4.  Fcr  a more  fine  reading  at  angles  n0 
(Pi)  90°  is  given  the  coordinate  of  with  a0  (f^)  ^ 90° 

'ordinate  of  *--*  (but  the  scale  cf  construction) . 

4.  The  direct/straight  section  OC  (fcr  angles  a0  (pt)  > 90°)  is 
constructed  according  to  equation  tg  7 - Kt. 
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Kev:  (1)-  Parameters.  (2).  Reertrance  angles 

Angles  of  departure  cit  (p2)  in  deg. 

v i.»u  »»'m  • 
f f)  *•  101  ) » (|>44 

ll4p4DfTpH 

(i.  r.  • 

0.585 

0.49ft 

0.41ft 

«.:»2ft 

0.235 

A 

0.65 

0.535 

0.42ft 

\ ... 

0.71 

0.59 

0.47ft 

0,35ft 

0.21ft 

(A 

** 

VI) 

J. 

a 

<«#  ^ w»"> 

it, 

* a 

(a.  v.  mi > 

0.77ft 

0.6ft 

0.525 

0.4 

0.27ft 

0.N4 

0.71 

0.57ft 

0.44 

0.31 

0.90ft  O.Hftft 

0.77  0.85ft 

0.62ft  0.855 

0.48ft  0.855 

0,3ft  0.855 

0.27 

0,312 

0.37 

0.44 

0.535 

0.6*1 

0.32 

0. 1ft 

0.40ft 

0.481 

0.50 

0.76 

A*,  - ' 

0.37 

0.38 

0.44  ft 

0.ft2ft 

0.64 

0.835 

* 

0.43 

0.47ft 

o,ft6 

0.6*2 

0.91 



0,5 

Oft 

0.5*15 

o.72ft 

1.0 

1.2 

f.ft 

2,0 

2.1 

2.8 

3.2 

1.2 

1.42 

1.71 

2.07 

2.4 

2.72 

K.i 

1 .23 

1 .28 

1 .ftft 

1 .M2 

2.08 

2.3ft 

1.1 

Uft 

1.67 

l.‘» 

2 12 

M 

l.l 

1.6 

1.8 

2.0 

0.021 

0.01 

0.04 

0.0ft 

O.Oft'l 

0.065 

0.021 

O.H27 

0,0  (ft 

0.04ft 

0.054 

O.I8» 

A*, 

0.02 

O.H2I 

0.02*1 

0.0  (8 

0.046 

0.052 

0.01  ft 

0.021 

0.1*28 

0.016 

0.043 

0.012 

T 

0.012 

0.0 1M 

0 l»2ft 

0.03 

'3-aJLCe  A 

iar» 

IJO 

_ 

US 



ISO 



ft*  ' a i 

vSui 

Mwmja 

*».  10.1 
• • p«  A 

0.8ft8# 

0.82ft 

0.77 

0.68ft 

0.5 

0.36ft 

10 

0.852 

0.81 

0.74 

0.62 

0.36 

0.36 

Ift 

0.84ft 

0.788 

0,695 

0.52ft 

0.35 

22 

0.82 

0.728 

0.587 

0.34 

0.34 

:» 

0.75 

0.62 

0.425 

0.325 

40 

1.0 

1.8 

4.0 

24 

10 

1.15 

2.1ft 

4.7 

II 

Ift 

1 .3ft 

2.6ft 

6.0 

20 

22 

! 6 

3.3 

8.2ft 

30 

1.9 

4.3 

12.5 

40 

l.o 

4.0 

10 

Oft 

3.37 

15 

2.61 

22 

2.34 

30 

40 

0.068 

0.066 

0,06 

0.047 

o (*2ft 

0.0|. ft 

10 

0,062 

0.06 

0.052 

0,0.18 

0.1)15 

O.o  |. ft 

15 

0.0ft  1 

ooft 

0.041 

o.trjr, 

1M*I4 

22 

0,045 

0.01 

0.028 

0.012 

0.012 

Ml 

0.03 

0.024 

0.0,4 

O.o| 

40 

in  deg. 


(3)  . 


rcc 


76041693 


PAGE 


1* 

5.  Depending  on  reentrance  angles  a0  (f3)  and  angles  of 
departure  at  ( 3 P)  from  Table  3 and  Fig.  9,  is  determined  t h» 
coordinate  of  point  a'  i x, Thereby  in  essence  are  determined 
the  angle  of  settinq  and  the  lattice  spacing.  If  it  is  necessary  to 
change  lattice  spacinq  (within  small  limits),  ere  should  change  the 
angle  of  setting  for  providing  the  calculated  angle  of  departure. 

6.  The  thickness  of  the  trailing  edge  cf  airfoil/profile  OA  (O'A 
or  0 ' ' A)  (Fig.  8)  is  selected  from  structural/design  and 
technological  conditions. 


7.  Depending  on  a,  (P?)  are  determined  the  coordinates  of  poirt 
E (coordinates  of  the  point  ot  « >/■  and  n„  are  brought  in  Table 
3)  . 


C. 

8.  Through  points  E and  C (if  is  net.  ass i cred/prescri  h ed 
coefficient  K3)  is  carried  cut  circle  with  radius  of  R,  - R,a.  The 
value  cf  radii  is  determined  from  by  the  datum  cf  Table  4. 


9.  Through  point  A,  is  carried  out  lemniscate  K3, 


which  concerns 
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circumference  P,  a+  point  D.  Fcr  the  construction  of  lemniscate  K , 
is  utilized  the  right  branch  of  lemniscate  Kt  (fe,  of  Fig-  8)  , 
whereupon  point  F is  transferred  and  is  combined  with  point  A.  The 
scale  of  lemniscate  K3  is  selected  on  Table  4.  Extrapolation  is  not 
allcw/assumed.  For  the  remaining  cases  (fcr  example  a0,  120°,  a,  - 

3C°)  the  ccncdL^e  part  of  the  a irf  oil/pr cf  i le  consists  only  of 
circular  arc  P,  . 


10.  A radius  of  entering  edge  P2  depends  cr.  reentrance  angles  a0 
(Ft)  and  output/yield  (f2)  and  is  determined  from  Table  4. 


Ey  the  procedure  examined  above  were  constructed  the 
airfoil/profiles  fcr  the  bread  band  of  the  reer.trance  angles  and 
cutput/y i^ld.  Fig.  10,  depicts  the  a ir f ci 3/ pref i les  and  the  channels 
cf  grid/cascades  for  an  arglr  of  departure  o1  (f2)  = 15  and 
reentrance  angles  a 0 (Ft)  = 20°-165°,  i.e.,  is  enveloped  the  range  of 

all  possible  active  and  jet/reactive  a ir f c i 1/picf lies  with  constant 

angle  cf  departure  (P2)  = 15°.  The  similar  drawings  of 
gr id/cascades  are  carried  cut  tor  ether  angles  cf  departure  (p2)  = 
10°;  a,  (F?)  = 22°;  a,  (F2)  = 30°  and  o,  (£2)  = 40°.  Change  in  *he 
fetm  cf  a irf oil /prof ile  at  constant  reentrance  angle  a0  = 90°  and 
alterratt?  angles  of  output/yield  is  given  ir.  Fig.  11a  while  in  Eig. 
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11b  shewn  a change  in  the  form  of  a irf  o i 1/ p rof  i le  for  impulse 
cascades  whose  reentrance  angle  tc  5°  is  greater  than  angle  of 
depart  ure. 

The  test  results  or  lemniscate  air  fei  1/prcfiles.  To  tests  wer<= 
subjected  four  ai  r f ci  1/ p r c f i le  fer  reertrarce  argle  <x0  = 90°  and 
cutput/yield  = 1C,  If,  20  and  4C°.  Fig.  12,  gives  the  curve/graphs 

cf  the  loss  factors  from  the  number  ct  nv.i  fet  all  tested 
grid/cascades.  For  qri d/cascades  with  argles  of  departure  15,  20  and 
40°,  are  experimentally  obtained  sufficiently  lew  profile  losses 
(with  M = 0.6-0. 9 ;.r  = 2o/o)  . For  a crid/cascade  with  a,  = 10° 

profile-  losses  they  are  approximately  3c/o,  which  also  corresponds  *o 
the  l^vol  cf  losses  for  the  better/best  gr id/cascades  of  such  *ype. 
Not  less  important  is  the  fact  that  the  dependence  of  the  loss 
factors  on  number  M (Re)  turns  cut  to  he  flatter  than  of  other 
airf oil/prof i les,  which  were  being  ex pe tie  nee/ tested  earlier. 


Is  of  interest  pressure  distribution  according  to  enclosures 
airfoil/profile  for  the  tested  gr  id/cascades  (Fig.  13).  First  of  all 
it  should  be  noted  that  pressure  distribution  pronounces  favorable: 
the  e vacua  t ion/rar  e fac  t i c n and  the  extent,  cf  diffuser  section  in  skew 
shear  on  back  is  small.  This  explains  the  lew  level  of  losses  in 


coc 


76041693 


PAGE 


<?1 

grid/cascades. 

The  second  special  tea ture/peculia rit y of  the  tested 
gr id/casca des  is  the  fact  that  in  the  threat  (ir  the  minimum  cress 

section)  of  channel  on  hack  at  subsonic  speeds  considerably  is 
changed  the  static  pressure  with  change  of  angle  of  departure  or  x - 
Thus,  for  instance,  at  small  angles  (»,  = 1C°)  pressure  or.  back  in 
the  minimum  cross  section  is  mere  than  pressure  after  grid/cascade, 
and  at  wide  angles  cf  departure  [al  = 4C°)  - it  is  less  than  after 

grid/cascade.  At  subsonic  speeds  this  can  substantially  be  reflected 
in  rate  of  discharge  through  the  g rid/cascade,  and,  correspondingly, 
cn  the  computed  values  cf  the  coefficients  cf  consumption. 


Besides  testing  the  specially  manufactured  according  tc  the 
procedure  presented  a i r f c i 1/ pt cf iles,  was  conducted  the  comparison  of 
lemniscatc  airfoil/profiles  with  the  better/best,  developed  according 
to  precise  methods  and  the  tested  in  the  M FI  a i tf oil/prof i les.  This 
comparison  was  conducted  with  a irf oi 1/p  lof i les  F-2314A,  P-3021  A and 
F-4629P. 


The  enclosures  of  the  compared  airfoil/prefiles  virtually 
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coincide.  Profile  leases  ir  grid/cascades  P-2314A,  P-3021A  and 
F-4629A  with  M = 0.6-0. 9 they  are  approximately  4o/o;  it  is  possible 
to  assume  that,  the  same  will  be  the  losses,  also,  for  lemniscate 
airfoil/profiles.  A good  agreenent.  of  dimensional  characteristics  of 
lemniscate  airfoil/profiles  is  obtained  during  comparison  with  ether 
tetter/best  a ir f oi 1/pr of i las,  for  example  with  airfoil/profiles 
C-9015A  and  C-5515A,  which  have  in  the  optimum  node/conditions 
profile  losses  1.8  and  2.2o/o  respectively. 


Thus,  according  to  the  test  results  of  the  lemniscate 
a i r f c i 1/prof i les  and  the  comparison  conducted  with  the  better/best 
previously  developed  airfoil/profiles  one  should  expect  low  losses, 
also,  in  other  parameters  (reertrance  angles  and  output/yield)  cf 
gr id/casca des.  The  lemniscate  method  of  the  construction  of 
airfoil/prefiles  can  be  used,  also,  fer  the  shaping  of  the  long 
twisted  blades  of  the  step/stages  cf  large  fanning,  calculated  for 
suberitical  or  small  supercritical  heat  drops. 


The  airfoil/profiles  of  the  nozzle  (jet/reactive)  gr id/cascade£, 
constructed  according  tc  lemniscate  method,  and  their  aerodynamic 
characteristics  are  represented  on  plates  6-8. 
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f 10.  Shaping  of  nozzle  cascades  for  ttanscnic  speeds. 


Nozzle  cascades  for  transonic  speeds  (group  b)  in  geometric 
parameters  insignificantly  differ  frcm  the  gr ic/cascades  of  group  A. 
However,  flow  pattern  in  these  grid/cascades  is  is  essentially 
different. 


Actually,  for  the  grid/cascades  cf  grcup  A of  the  speed  in  any 
pcint  cf  the  enclosure  of  a irf oil/ prof ile  less  than  the  speed  cf 
sound  <MT“  < 1,  where  the  — are  the  maximum  Mach  number  at 

the  pcint  cf  the  enclosure  cf  tack);  in  the  nczzle  cascades  of  group 
b is  a determined  section  of  the  air f ci 1/p r cf i le  on  back,  in  limits 
cf  which  the  speed  supersonic;  this  section  is  closed  by  shock  wave. 


The  numerous  e xpier  imen  tal  results  showed  that  the 
ail  foil/prof i les  of  nozzle  cascades  fer  transonic  speeds  must  have 
rectilinear  hack  in  skew  shear.  Consequently,  the  nczzle  cascades  of 
grcup  1 can  be  obtained  by  irears  of  the  strain  cf  the  output  section 
cf  the  airfcil/prof il?  cf  grcup  A. 
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As  a result  of  this  strain,  decreases  the  curvature  of  the 
concave  surface  of  air f cil/proiile.  Eack  is  fulfilled  rectilinear  up 
to  minimum  cross  section,  whereupon  is  rec c mme r.ded  the  somewhat 
involve/tightening  cf  straight  portion  into  the  depth  of  channel  for 
rarrok  cross  section. 


A decrease  in  the  curvature  cf  the  hack  cf  road  profile  of  the 
rectification  of  output  section  in  skew  shear  makes  it  possible  tc 
tighten  the  beginning  cf  the  crisis  increase  cf  losses  in 
grid/cascade  to  'lach  numbers  = 1.0-1.25.  Thus,  the  application/use  of 
novzle  cascades  of  group  L is  expedient  at  the  speeds  after 
grid/cascade,  which  correspond  tc  a change  cf  f'ach  number  in  limits 
cf  0.9-1.25. 

With  jump/drops  iri  the  pressure  tc  grid/cascade,  that  exceed 
critical,  1y  skew  shear  is  formed  the  wave  spectrum,  minutely 
examined  in  [61-  In  the  narrcv  cross  section  cf  grid/cascade,  is 
estaM  is  h/installed  the  critical  speed,  since  after  gr  id/casca  do 
pressure  is  lower  than  critical,  on  trailing  edge  is  formed  an  5 is 
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propagated  in  oblique  sect icn/shear  the  rarefaction  wave 
after  achieving  the  back  cf  adjacert  a i r f c i 1/ prcf ilo,  is 
also  by  rarefaction  wave- 


w h ic  h , 
ref lectod 
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At  certain  distance  after  edge,  cccurs  the  ne  r g ing/coa  lesc  er.ee  cf  two 
streams  of  flow,  which  wash  airfcil/prcf ile  fren  different,  sides, 
fcith  merging/coalescence  occurs  the  sharp  rctaticn  of  streams,  as  a 
result  of  which  occirs  the  system  cf  jumps  1 and  II  (Fig.  14).  The 
cverexpansion  of  flew  in  primary  and  that  which  was  reflected 
rarefaction  waves  partially  is  compensated  for  primary  and  that  which 
was  reflected  rarefaction  waves  partially  is  cenpensated  for  by 
primary  jump  I,  which,  after  achieving  the  tack  of  airfoil/profile, 
in  turn,  is  reflected  by  sbcck  wave  i'.  The  overexpansion  of  flew  in 
rarefaction  waves,  the  intensity  of  edge  jumps  I and  II,  and  also 
their  position  are  determined  ty  the  curvature  cf  the  back  cf 
air f o i 1/pr of i 1 e in  skew  shear,  with  a thickness  and  by  the  form  of 
trailing  edge,  e + c. 


In  y > 1.2-1.25,  one  should  apply  nozzle  cascades  with  the  being 
constricted  intervare  channels,  but  the  back  of  a irf oil/pr of ilcs  in 
skew  shear  is  fulfilled  concave.  The  ere t ica 11 y most  advantageous, 
frem  the  viewpoint  of  the  distribution  cf  the  speeds  in  cross  section 
after  grid/cascade,  is  the  concave  back,  constructed  as  flow  line 
during  the1  flow  about  the  pcint  cf  inflection  (edge  of  the 
preceding/previous  airf  cil/prof  ile)  . However,  with  this  form  of  tin- 
back  cf  airfc.il/iirofile,  it  is  net  possible  to  construct  the  foil 


lattice  of  a ix foil/pro  tiles,  since  the  angle  cf  the 
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f or ma tion/education  ot  edge  is  obtained  negatively  (trimminq  ot 
edge).  Consequently,  with  the  shaping  cf  of  blade  back  in  skew  shear 
cf  grid/cascade  it  is  necessary  to  ensure  the  sufficiently  wide 
structural/design  angle  cf  the  f or  ma  t i c r/ed  uca  t io  n of  trailing  edg^. 


Big.  15,  shows  an  example  of  the  construction  of  the  back  cf 
airfoil/profile  in  skew  shear  wit)  the  aid  cf  the  diagram  cf 
characteristics.  Calculated  Mach  number  fcr  grid/cascade  rt  = 1.4.  The 
diagram  of  the  construction  cf  flow  the  is  following:  1)  sonic  linr 

is  straight  line  in  narrow  cross  section;  2)  at  point  of  inflection 
appears  the  rarefaction  wave  in  which  flew  it  is  expanded  frem  !*  = i 
to  V-  3)  the  back  cf  a irfoil/pretile  cn  the  initial  section  is 
convex,  and  then  part  cf  the  rarefaction  waves  it  is  extinguished  by 
the  corresponding  rotation  cf  wall.  The  angle  among  the  tangent  to 
hack  at  point  ot  inflection  and  the  tar.gent  tc  tack  on  trailing  edge 
to  1-2  is  less  than  the  angle  between  the  tangent  to  back  in  the 
narrow  cross  section  of  channel  and  the  tangent  to  hack  at  pain"-  ct 
inflection  (Fig.  15).  3y  this  is  reached  the  positive  angle  of  the 
f otma tion/ed ucation  of  edge.  In  the  same  Fig.  15,  is  shown  a 
consecutive  change  in  the  given  speed  cf  a,  upon  transition  through 
rarefaction  waves  ir.  the  diagram  ot  characteristics. 
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However,  the  real  picture  of  flew  in  skew  shear  differs  from 
that  constructed  by  method  cf  characteristics.  Cverexpa nsi cn  on  tack 
does  not  reach  those  values  which  were  obtained  from  the  calculation 
ly  the  method  of  characteristics.  Processing  the  results  of  the  study 
cf  the  large  number  of  no7zle  cascades  made  it  possible  to  determine 
the  maximum  number  cf  m,—  on  back  ir  skew  shear  depending  or  the 
number  of  w„  (fig-  16).  The  value  cf  MT*“  can  be  approximately 
determined  by  formula 


VI,-* ■ 0.9  M1#  <0.25  i O.  tOl 


where  the  M„  - the  calculated  Mach  number  after  grid/cascade. 


Formula  (18)  is  suitable  in  the  range  cf  = 1.2-1. 8.  When 

< 1.2  value  of  V*“  depends  on  the  exparsion  ratio  of  charnel 
f (Fig.  16). 


After  the  achievement  of  the  speed,  which  corresponds  *he  M,. 
cn  the  lack  cf  airfoil/profile  appears  shock  wave.  The  presence  of 


p 
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concavp  back  in  real  flew  brines  as  they  shewed  experiments,  to  the 
transfer  of  laminar  boundary  layer  tc  turbulent,  since  it  occurs  a 
sign  change  ot  the  curvature  of  the  enclosure  cf  a irf oi 1/prcf i le. 
Thus,  if  shock  wave  falls  in  back  after  point  c£  inflection,  then  it 
interacts  wi*h  turbulent  boundary  layer,  which  decreases  the 
probability  of  breakaway.  Furthermore,  the  concavity  of  back 
decreases  the  angle  between  vectors  cf  speed  after  jump  and  tangent 
to  the  back  of  a ir f ci 1/ prof ile , which  also  decreases  the  danger  of 
boundary-layer  separation. 

For  the  approximate  confutation  of  the  back  of  a ir: oi  1/pr c f i 1 e 
in  skew  shear  of  grid/cascade  with  constrictions  it  is  possible  tc 
recommend  following  procedure  f 8,  10,  14], 


PAG  E 


Ar<“  assiyne-d/prescr ibed  the  following  values: 


a - the  s ize/d itue nsion  of  the  narrow  cross  section  of  channel, 
determined  according  to  the  known  gas  flew; 


are  an  effective  flew  exit  argle; 


r 
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Mi,  - the  calculated  Pach  number  at  cutput/yield  from 
grid/cascade. 


1.  According  to  formula  (18)  cr  frcm  Fig,  16  is  determined  the 
value  cf  M,*“'  j for  the  assigned  m,,  , 


2.  Is  determined  the  position  of  point  of  inflection  (see  Fig. 
IS)  with  respect  to  formula 


i 


V 


« «'m„i 

MMi,)  MV“1 

i 


U<4 


where  the  aiM„.i  - the  airflow  angle  with  cf  expansion  from  M - 1 to 
[42]: 


A <*.“”> 


the  airflow  angle  during  expansion  from  M = 1 to 
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3.  we  round  the  value  cf  | MV)  Mm;-)  )1+J(j  , to  the  integer 

cf  decrees;  from  narrow  cross  section  tc  rcint  cf  inflection,  we 
construct,  the  correct  broken  line,  which  certains  y cuts  (angle 
betweei  cuts  1.0).  Through  the  salient  points  cf  the  obtained  line, 
we  carry  out.  smooth  convex  line  tc  pcint  cf  inflection  0. 


We  determine  the  length  of  the  concave  part  of  the  back 


U. 


t*  ai>»n 


m; 


I *(M„)  *'(M,‘““) 

1 


(*>) 


where  the  - the  given  consumption,  which  corresponds  to 
the  number  of 

5.  We  construct  concave  correct  broker  line,  beginning  frem  the 
point,  of  inflection  O and  tc  pcirt  with  the  cccrdinato  of  The 
number  of  cuts  of  broken  line  is  equal  to  y - (1-2);  the  angle 
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between  cats  1.0°.  Through  the  salient  points  cf  the  obtained  line, 
we  carry  out  smooth  concave  line  being  mated  with  convex  line  in 
point  of  inflection. 


6.  At  the  end  of  the  ccncave  line,  we  carry  out  tangent  and, 
after  determining  by  a and  “i*  lattice  spacing  t,  we  construct  the 
trailing  edge  of  a irf oil/prcf il e.  After  concave  follows  the  straight 
pcrticn  of  the  bach  of  a i r f c il/ r ro f i le . 

f 11.  Shaping  of  noznle  superscnic  grid/cascades. 


In  proportion  to  the  increase  in  the  calculated  number  cf  M„ 
1.4  at  output/yield  from  grid/cascaJe  it  is  necessary  to 
transfer/ccnvert  to  a ppl i ca* ior /use  cf  the  combined  type  of  the 
grid/cascades,  which  have  the  small  expansion  ct  vane  channel  and 
concave  back  of  a ir foi 1/ pref ile  in  skew  shear. 


■ 
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It  is  known  that  at  supersonic  speeds  the  cascade/qtid  with 
expanding  ducts  are  sensitive  tc  a charge  ir  the  mode/cond i t io ns  and 
in  particular,  Mach  number  [9,  101.  The  character  of  a charne  cf  the 
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losses  in  grid/cascade  during  a change  in  the  ircde/cond  it  ions  (») 
depends  substantially  or  the  geometric  parameters  of  grid/cascade 
and,  in  essence,  on  the  for®  of  vane  channel.  Sc,  if  the 
gr ici/cascades  with  con str ict ions  usually  are  characterized  by  lew 
losses  at  subsonic  speeds,  and  with  pi  > 1 less  sharply  they 
grow/rise,  then  for  grid/cascades  wi*-h  expanding  ducts  losses  are  low 

i 

in  the  narrow  range  of  supersorac  speeds,  and  with  transonic  and 
aaeaaaaaaa  reach  high  values  [1U], 

Analyzing  the  behavior  or  the  characteristics  cf  supersonic 
jet/reactive  grid/cascades  with  expandirg  channels  during  varyinq 

■ 

leads,  i+  is  not  difficult  to  establish  that  the  effectiveness  cf 
grid/cascades  depends  on  ferm  a i.d  shock  configuration  in  the 

i 


divergent  section  of  the  channel  and  in  skew  shear  [8]. 

I 
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Fig.  18.  Diagram  of  the  ccrstructicr  cf  the  back  of  th 


airfoil/profile  of  supersonic  qiid/cascade  with  expanding  duct 
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The  results  cf  processing  the  curve/graphs  cf  pressure  d is  tr  ib  u^icr. 
according  t.o  the  back  cf  different  a i r f c i 1/ p r c f iles  (Fig.  17)  show 
that  the  current  position  cf  the  compression  shcck  7~  is 

changed  depending  on  the  relation  cf  pressures  cn  grid /cascade  and 
the  expansion  ratio  of  channel  T. 

From  curves  in  Fig.  17,  distinctly  it  follows  that  with  decrease 
in  F the  -jumps  faster  leave  channel  and  t ra  rsf  e r/convert  in  oblique 
sectici /shear  , i.e.,  in  just  ere  ratio  cf  the  pressure  of  jumps 

in  intervane  channel  that  are  nearer  + c exit  section,  than  less  f. 

This  result  from  physical  side  explains  the  detectable  experimentally 
dependence  of  losses  anu  flew  exit  angle  frem  the  ratio  of  pressure 
in  off-d‘  sign  conditions.  The  lesser  the  gecmetric  parameter  f.  , the 
lesser  part  of  back  an!  concave  surface  of  a i r t ci 1/prof ile  it  is 
located  under  the  offset  cf  the  system  cf  jumps  in  off-design 
conditions.  Furthermore,  in  movino  in  oblique  sect icn/shea r they 
change  structure  into  tie  intensity  of  the  jumps:  curvilinear  (close 
tc  jtraight  lines)  jumps  in  channel  upon  transition  in  oblique 
sect icn/she ar  become  oblique.  Since  in  gri c/cascades  with  lew 
expansion  ratio  with  a decrease  in  the  aaaa  jumps  faster  are  moved  in 
oblique  sect  ion/she ar , ollique  secticn/shear  faster  «nt^rs  th°  work.  j 
Consequently,  in  j r id/cascades  with  lew  f the  flow  exit,  angle  is 


changed  more  intense  luring  a change  in  the  mcde/cond i* ions.  rhe 
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selection  of  the  rational  value 
ircst  expediently  distribute  the 
divergent  section  of  the  channel 


cf  parameter 
acce lerat  icn 
and  skew  sh 


<? 


f 

of 
a r 


trakes  it  possible 
the  flow  between 
[ 14% 


t r 
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For  the  grid /cascades,  which  have  calculated  number  1 . h < w„ 
2,  the  expansion  ratio  of  vane  charnel  it  is  possible  to  select 
a cent  din  i to  the  emfirical  formula,  obtained  by  processing  the 
rumerers  experimental  data: 


where  K = «M„  ♦ b;  a - C.c;  b - C.h. 

For  the  construction  cf  skew  shear  ard  divergent  section  cf  the 
intervano  channel  of  noz7lc  cascade*  c^n  be  used  the  followino 
ptcced  ure. 


Assigned  are  the  values:  •„  w—>.  T (Fi-9*  18)  * 
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1.  Let  us  determine  the  expansion  ratio  ci  vane  channel  through 
formula  (21)  we  find  the  size/di mersicr  of  the  exit  section  of  the 
channel: 


U|  «.r/ 


2.  On  the  tables  of  qas-dynamic  furcticns,  we  determine  number 
K,  in  the  exit  section  cf  expanding  duct,  ccrre spending  q (M , ) = 1/f; 
the  back  of  airfoil/profile  within  the  limits  cf  divergent  section  is 
made  rectilinear,  and  the  angle  hetweer  targents  in  the  exit  section 
cf  expanding  duct  and  in  narrow  cress  section  comprises  6 ( ^ ) /2, 
where  6 ('l,)  is  an  airflow  angle  during  expansion  from  “ = 1 tc  *! , . 
Let  us  designate  the  rounded  tc  integer  value  6 (M,)  /2  by  ya.  Then 

the  length  of  the  divergent  section  of  the  charnel 
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»p  connect  points  C and  by  I (Fig.  IP)  convex  correct  broker 
line,  which  contains  To  cuts  (angle  between  the  adjacent  cu  o of 
ticker,  line  it  composes  1°).  Then  we  connect  points  of  inflection  bv 
clean-cut  line. 


3.  we  determine  according  tc  formula  (18)  the  maximum  number  of 
M,““  on  tack  and  we  find  the  position  of  the  point  of  inflection  of 
the  tack  of  the  airfoil/prclile: 


where 


“<i< 

t*  I jri-vn  ' '• 

I .W,  J 


V(M > 
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we  carry  out  tangent  tc  the  back  cf  a i tf c i 1/Prof ile  in  point  I 
we  conti  n tie  it  to  pcint  of  inflect  ion  11. 


4.  Vie  determine  the  position  cf  pcint  iil  the  end  of  the  concave 


i -■  , 


we  connect  points  II  and  III  (Fig.  18)  fcy  the  correct  concave  broker 
line,  which  consists  of  y,  cuts  (y,  - the  airflow  angle  with  of 
expansion  from  flj  to  M,,»  The  angle  tetween  the  adjacent  cu^s  cf 

broker  line  it  composes  1°. 
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5.  We  carry  out  in  point  III  tangent  tc  back  and,  after 
deter  rrining  by  at  arid  lattice  spacing  t,  we  construct  the 

trailing  edge  of  a irf oi 1/prcf i le . 


The  intake  of  supersonic  nozzle  a irfcil/prcf iles  is  calculated 
and  is  constructed  just  as  for  subsonic  speeds.  The  airf oi 1/prcf il^s 
cf  nozzle  cascades  for  near-  and  supersonic  speeds  and  their 
aerodynamic  characteri sties  are  given  cn  plates  38-41. 


§ 12.  Shaping  of  running  cascades  for  transcnic  and  supersonic  speed 
the  shaping  of  qrid/cascades  by  the  method  cf  "eddy/vortex". 


At  supersonic  inlet  velocities  intc  impulse  cascades,  appear  tt 
how  waves,  connected  with  the  flow  about  the  ertering  edges  cf 
airfcil/profiles.  The  form  cf  bew  waves  and  their  arrangement 
relative  to  edges  depends  on  Mach  number  at  entry,  the  form  of  edges 
and  vane  channels.  The  ferm  of  the  intake  and  output  sections  ot 
airf cil/prof iie  and  the  term  of  channel  must  provide: 
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a)  the  minimum  wave  losses  in  the  head  and  trailing-edge  shock 
waves: 


b)  nonseparable  flow  with  the  minimum  losses  for  fricMcn  in 
vane  channel. 


In  the  majority  of  cases,  with  supersonic  inlet  velocities  into 
grid/cascade  in  intervane  channel,  appear  tie  flow  breakaway  and  the 
complex  system  of  the  curvilinear  jumps,  which  interact  between 
themselves,  with  the  walls  of  channel  and  the  tcundary  of  separation 
?cne.  Therefore  rec <mme nda t icn s regarding  the  shaping  of  supersonic 
active  cascades  are  based  mainly  on  experimental  data. 


At  the  small  supersonic  speeds  * , < 1.3  hew  waves  close  in  form 
to  straight  lines.  Since  losses  in  normal  shock  at  such  speeds  arc 
low,  the  grid/cascades  cf  group  b are  shaped  according  to  the  method 
"nctrnal  shock".  In  grid/cascades  of  such  type,  the  intake  and 
trailing  edges  of  a ir  f o il/ prof  ile  are  trade  those  which  were  sharpened 
and  rectilinear,  but  vane  channels  being  smcothly  constricted  f 3, 
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11],  The  curvilinear  sections  cf  back  and  ccncave  surface  have 


alternating/variable  curvature,  whereupon  the  term  of  curvilinear 


part  is  calculated  from  channel  method  8). 

The  shaping  of  impulse  cascades  for  !*  > 1.3  is 
real ize/accom plish ed  by  different  methods,  distinguished  by  the 
organization  of  flow  on  enterir.q  edges,  by  the  form  of  channel  and  by 
the  form  of  the  back  of  a ir f ci 1/pr c f i le  in  skew  shear  at  output/yield 
from  grid/cascade. 
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Fig.  20.  Picture  of  the  rear  range Kent  cf  the  urifcrm  super  sonic  flew 
before  the  gri J/casc3^G  into  vertex  flew  withir  channel. 

Key:  (1).  Concave  transition  section.  (2).  Convex  transfer  section. 

(3)  . Compression  waves.  Farefaction  waves. 


DOC 


76041691 


F AGF  iSS- 

/£/ 


The  intakes  ot  the  back  cf  the  air f ci  1/prcf ile  of  supersonic 
gr id/cascades  can  provide:  1)  the  constancy  of  velocity  after  tow 

wave  (rectilinear  back  at  entry)  (Fig.  19a)  ; 2)  graded  braking  flew 
in  th  a system  of  jumps  (broken  lack  at  entry)  (Fig.  19b)  ; 3)  smoo*1 

braking  along  concave  wall  at  the  entry  into  grid/cascade  (Fig.  19c). 

Vane  channel  can  be  contracting-expanding  (minimum  cress  e^ct icn 
is  arranged  within  channel)  and  then  flew  is  braked  at  first,  occurs 

"t 

its  rotation  at  low  velocities,  and  then  it  is  accelerated  in  the 
divergent  section  of  the  channel  and  in  skew  shear.  If  curvilinear 
channel  has  constant  section,  then  braking  flow  occurs  (because  of 
friction)  before  exit  section,  and  acceleration  occurs  only  in  skew 
shear.  Th^  output  section  of  the  back  cf  a i r f c i 1/ pr  cf  ile  i r.  skew 
shear  nust  be  made  by  rectilinear  cr  concave  (with  subsequent 
transition  tc  straight  section).  The  concave  back  of  airfoil/prefile 
can  be  designed  by  the  methed  cf  characteristics.  With  all  methods  of 
shaping,  intake  and  trailing  edges  are  des i gn/ p to jeeted  tapered  and 
those  which  were  sharpened. 


The  flow  of  gas  in  supersonic  grid/cascades  can  be  that  which 
was  mixed  cr  completely  supersonic.  Orly  ir  thr  latter  case  *he  *cs‘ 
approximate  possible  theoretical  solution  to  direct  or 
re  verse /inverse  problems. 
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Eelow  is  sot  forth  one  of  the  methods  of  the  construction  of 
active  supersonic  g r id/ cascades  with  completely  supersonic  flow  in 
vane  channels. 


The  method  of  "eddy/vertex",  or  the  method  "completely 

supersonic  flow",  was  proposed  independently  tc  f'. . F.  Zhukov  (1950) 
and  by  Boxer  and  Steriet  [49]  (1952),  tut  late  ty  Oswatitsch  [ 52,  5 3 ] 

(1556) . Method  is  based  on  the  rational  ccntination  of  circulation 
irrctational  flew  (XT?  = const)  and  of  tte  corresponding  levelling  oft 
flews  (Fig-  20). 


For  construction  of  cascades  are  giver  by  the  even  distribution 
cf  the  speeds  of  flew  at  entry.  Further  is  constructed  the  tlow, 
which  transforms  uniform  velocity  diagram  into  the  diagram/curve, 
which  corresponds  tc  the  hyperfclic  distribution  of  the  speeds  ir  the 
middle  pur*  of  the  channel.  The  construction  cf  this  flow  is  provide! 
ty  the  appropriate  shaping  cf  transfer  ires.  Flew  with  the  hyperbolic 
distribution  of  speeds  is  turned  tc  preset  angle  in  the  channel, 
genet  a *r ic^s  of  which  are  * he  concentric  circumferences. 


Tra  nster 
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arcs  at  output/yield  t ransl ate/transfer  the  vertex/eddy  distribution 
ci  speeds  into  uniform  flow  after  grid/cascade. 


The  ccnstructicn  ct  transfer  arcs  is  conducted  by  method  cf 
characteristics. 

/ let  us  examine  the  ccnstructicn  cf  grid/cascade  in  the  cape  cf 
the  infinitely  fine/thin  intake  edges  cf  blade.  At  the  assigned  inlet 
velocity  ft,,  on  the  transfer  section  of  concave  surface  the  flew  must 
he  inhibited  to  the  selected  velocity  cf  M.  a cn  the  transfer 
section  of  back  is  accelerated  to  m Let  us  designate:  6 is  at 

angle  of  deflection  of  the  supersonic  flow  with  of  its  expansion  from 
M = 1 to  assigned  Then  6',  - angle  cf  deflection  during  expansion 
from  M = 1 to  M ’ , (Fig.  2C)  ; \ are  from  f - 1 to  and  \ 

from  1 = 1 to  M. 

■ 

In  compression  zone  cn  the  transfer  secticr  of  concave  surface, 
the  angle  of  deflection  decreases  by  the  value  cf  \ ir 

tarefaction  zone  on  the  transfer  section  cf  back,  the  angle  of 
deflection  grew/riscs  by  the  value  cf  ft,  \ Ecth  transfer  sections 


nust  Mirn  flow  to  identical  angle.  Consequently 


where  the  .\v  - the  angle  ef  shift  cf  the  transfer  sections  of  lack 

ard  cc reave  surface  (Fig.  20). 

By  the  authors  [41]  were  designed  ty  the  algetraic  method  ct  * he 
coordinate  of  transfer  sections  fer  different  velocities  and  the 
reent ranee  angles  and  output/yield  (Table  F)  . The  coordinates  cf 
transfer  sections  are  given  here  in  the  Cartesian  system  of 
coordinates  (X  * ; Y +)  . By  utilizing  table,  possible  for  the  selected 
values  0j;  *,•  ( m • , ) ; \ and  an  \ tc  construct  arcs  in 
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rectilinear  coordinates.  Sirce  ccncave  ore  tegirs  with  v a 

convex  with  v Av.  after  the  construction  cf  its  convex  transfer 
section  must  be  misaligned  to  the  angle  of  aaaa  clockwise  around 
center  0.  Radii  of  the  circular  arcs  cf  vane  channel  at  the  rated 
values  of  \ and  \ alsc  are  contained  in  Table  5 (R]  >"  with  of 

V 0, 


The  ferm  of  a irf o i 1/ pr cf i le  and  vare  channel  is  determined  by 
rumber  r*l  l at  the  entry,  by  the  angle  cf  rotation  of  flow  in 
grid/cascade  0 = (pj  + p?)  and  fcy  the  selected  values  of  a.i'U  and 
i.m,  j on  concave  surface  and  back.  Fct  a sy  ir  n et  r ica  1 
airfoil/profile  (Fig.  21)  1 angle  of  rotation  2ft. 


FCCTNCTE  i.  Here  p , and  p2  are  angles  between  vectors  of  velocity  u, 
and  w2  and  the  vector  of  the  axial  component  cf  velocities. 
ENDFCCTN07F. 


I 


i 

i 


■ 


In  this  case  the  concave  surface  and  back  have  a length,  determined 
ty  ancles  9-2  (*i  \)  and  9-2  (\  *',)  respectively. 

Transfer  sections  on  back  are  connected  with  edges  by  the  line 
segments,  which  together  with  the  transiticral  sections  of  concave 
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s u r t a e e for,  infinitely  fine/thin  edge*.  Virtually  such  edges  turn 
cut  tc  bo  impracticable.  Ibis  difficulty  it  is  possible  to  overcome, 
if  intake  and  trailing  edge*  are  fulfilled  tapered  with  sufficiently 
lev.  wedge  angle  then  so  that  the  feeing  or  entering  edqe  jump  would 
te  that  which  was  connected. 


Ii  the  case  when  the  axial  component  of  inlet 
subsen  ic  (Til.  22a),  wedge  tern  with  concave  side, 
arrange/ locate  i„  parallel  to  the  incident  flew. 


velocity  is 
and  back 
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Key:  (1).  Concave  side.  (2).  Convex  side. 
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Fig.  26.  Effect  ot  the  relative  compression  of  eaaa  and 
height/altitude  of  aaaa  cr  a decrease  ir  the  losses  in  the 
g t id/ca sea des : aaaaaaaa  - *he  Jess  factors  In  that  which  was  net 
shared  and  that  which  was  shaped  gr id/cascaces . 
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Then  the  appealing  cr  ertering  edge  frcn  concave  side  shock  wave  dees 
net  aftect  the  flow  outside  channel.  In  cider  tc  extinguish  this 
jump,  is  applied  the  fracture  cf  the  hack  cf  airfoil/profile  in  the 
pcint  cf  impact  on  it  ir  the  jump.  The  velocity  after  jump  M ' x easily 
is  determined  by  calculation,  since  wedge  angle  y and  M i arc  known. 
From  points  A and  P,  begin  trarsfer  secticrs  cr  concave  side  and  cr 
hack.  Angle  cf  rotation  cf  flow  in  channel  2 (fx  - y)  . 


When  axial  component  of  relative  velocity  at  the  entry  into 
grid/cascade  is  supersonic,  then  inlet  wedee  is  arrange/located  sc 
that  shock  wave  would  appear  from  the  side  cf  hack,  and  lire  AC  (Fag. 
22h)  arrange/ locat e in  parallel  to  velocity  vector  M , . Shock  wave  is 
extinguished  at  point  A,  in  the  forming  here  rarefaction  wave.  Angle 
cf  rotation  of  flow  in  the  charnel:  2 (f,  ♦ y) . Vane  channel  and 
transfer  section  in  the  case  cf  wedee  edges  (y  0)  are 

calculated  from  velocity  M ' 4 after  shock  wave. 


During  the  calculation  of  grid/cascades  ty  the  indicated  method 
it  is  necessary  to  he  convinced  of  the  fact  that  with  the  selected 
numbers  of  m.  i\»  and  can  exist  the  supersonic  flew  a+  * re 

entry  into  vane  channels.  This  problem  is  solved  by  using  tpo 
equation  of  continuity.  Let  us  note  that  the  maximum  number  of  m. 
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is  de  te  r u ir.ed  trom  the  condition  of  ’•he  laxinui  cc  nsum  pt  i o n through 
grid/cascade  taking  into  acccuit  lesser  aid  the  curvatures  of  flow 

lines. 

Fig.  21,  gives  the  curves  of  the  dependen  s of  the  maximum 
angles  of  ft  cn  ft,  for  certain  irterva]  of  the  values  of  ft. 

Curves  in  Fig.  23  give  the  boundary  values  cf  numbers  M',  (d'j)  at 
the  entry  depending  or  the  rumbers  of  "\i  and  ft.i.  whereupon  the 

corresponding  lines  of  ft.  = const  iivide  diagram  into  two  regions; 
higher  than  the  curves  is  arranged  the  region  ir  which  the  supersonic 
inle*  velocities  arise  cannot. 


The  experimental  studies  showed  * hat  the  grid/cascades,  profiled 
according  to  the  method  cf  "edo y/vertex ",  have  the  moderate  profile 
= 12-13o/o)  and  total  if..  = 20o/c  when  ft/  - 0.5)  energy  losses 

with  M j>  j = 1 . 6-  1. 7 . 

The  effectiveness  cf  gr  id/casca  do , especially  strongly  affect"' 
the  form  of  channel,  which  is  confirmed  by  experiments.  The 
comparison  of  losses  in  the  supersonic  grid/cascades,  designed  by 


different  methods. 


it  is  shewn  in  Fig.  24.  Are  fort  given  the 
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characteristics  of  supeiscric  grid/cascades  with  the  channels  cr 

various  forms  with  graded  traking  at  cr try  and  without  it-  Graded 

braking  gives  noticeable  advantage  with  ^ 1.5-1. 6.  In 

gr ia/cascades  with  the  channels  cf  +he  ccrstant  section  of  less  at 

transonic  and  subsonic  speeds,  it  is  substantially  lower  than  in 

grid/cascades  with  the  cent,  r act  ing-e  xpa  nd  i ng  channels.  However,  the 

latter  when  1.4-1. 5 are  char  act erizec  by  minimum  losses.  1 he 

cptimrn  degree  of  the  compression  of  channel  at  entry  and  expansion 

ratio  at  output/yield  (relations  of  "]  ar.d  depend  on  the 

runners  of  and  m„i  and  angle  cf  rotation  in  grid/cascade.  Fci 

the  interval  of  the  numbers  m„  - 1-15-2..0  the  relations  lie 

within  a-, /a  = 1. 1-1.2  and  a0/a  = 1.15-1.25  [3].  The 
1 m 2 m 

geometric  and  aerodynamic  characteristics  of  impulse 
cascades  for  transonic  and  supersonic  speeds  are  given  on 
plates  33-37  and  43-45. 

? 13.  Shaping  of  nozzle  cascades  with  lew  relative  spans  of  the 
blade. 


In  a decrease  in  tie  tip  ard  total  losses  in 
cf  low  altitude,  jives  meriaiai  shape  tc  channels. 


he  nozzle  cascades 
This  me* hod  it 


a 1 1 c w s : 
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1)  to  decrease  the  tcansvei.se  gradients  cl  pressure  in  the  place 
cl  the  maximum  curvature  of  charnel  and  thereby  to  decrease  the 
secondary  overflowing; 


2)  because  of  an  increase  in  the 

cblique  section /shear  to  attenuate  cf 
c r.  t. he  Lack  of 


converger ce  of  channel  in 
boundary  layer  in  exit  section 


3)  to  adjust  flow  to  the  root  cross  section  of  blades  and, 
correspond i ngly,  to  decrease  the  losses  ci  lower  cylindrical 
tand/shroud/tire.  Furthermore,  ireridiar  shading  makes  it  possible  to 
partially  align  static  pressures  ty  height  cf  blades,  i.e.,  to 
decrease  a change  in  the  degree  ct  reacticr  fcr  radius  [6,  14]. 


To  the  effectiveness  cf  grid/cascades  with  meridian  shaping  a 
basic  offset  has  the  form  cf  the  cncirsires  ct  tand/shroud/tire.  Fig. 
25,  gives  the  test  results  cf  nozzle  cascade  with  different  shaping. 
Cptimir  turn  out  to  be  versions  with  snail  compression  in  skew  shear. 
Eesides  th«  f cun  of  the  upper  enclosure,  the 

cost -effect  iver.  e-ss/eff  iciency  ct  g r id/casca  ce  affects  the  relative 
compression , characterized  by  the  value  cf  v,  '•  '■  The  results  cf 

*i 
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the  corresponding  experiments  are  given  in  tig.  26.  Here  i»  is 
distinctly  shown  that  the  cptinurc  values  cf  aaaa  depend  on  the 
height/altitude  of  grid/cascades. 

The  application/use  cf  an  uns  y oc  t r ic  compression  in 
in tcruedia te  step/stages  can  lead  to  a sharp  increase  in  the 
cverlap/ce  ilir.  g at  the  entry  into  the  nozzle  cascade,  intake 
height/altitude  of  which  /„  (Fig.  27)  it  is  substantially  more 
cutput.  Ii  these  cases  the  nozzle  cascade  rrust  have  at  entry 
diffuser,  as  is  shown  in  Fig.  27  by  prime.  The  intake  heig ht/altituae 
cf  h.  is  selected  less  than  the  /„.  whereupon  an  altitude 
difterence  of  />t  and  /,  of  the  cutput  height/altitude  of  the 
running  cascade  of  the  precedir.g/pre  vicus  step/stage  - must  lie/test 
at  the  limits,  which  ensure  the  maximum  use  of  kinetic  input  energy; 
in  this  case  the  expansion  angle  of  diffuser  must  not  exceed  8-10. 

To  evaluate  the  total  losses  cf  h in  lattice  with  the  optimum 
ccnpre-ssior  depending  cn.  the  height/altitude  cf  /,  can  serve  the 
empirical  formula  of  *-0.7  5 * IC  ?,  which  is  valid  foi 

Pach  numbers  = 0.70-0.9  and  Be  numbers  ^ 4.0  1C5. 
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Fig.  29.  Or.  he  calculation  cf  meridian  shading 
the  losses  4*-{-t  during  the  a p pi  ica  t ic  r/use  of  a compress:  cr. 

in  foil  lattice  composes  - M x *r*- 


A decrease  in 


The  form  of  the  curve  cf  c cm p ress i c n can  le  selected  on  the 
basis  cf  the  calculation  cf  t hr ee- di mer s ic ral/ £ face  potential 
incew p ressib le  flow  in  channel.  For  this  purpose,  is  utilized  the 
method  of  calculation  cf  curvilinear  ax  isy  Hire  t r ic  channels  [ 34  in 
which  the  velocity  distribution  law  along  e cu i petentia 1 is  determined 
by  formula  (see  §8) 


•W  ■ + »-» 
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the  principal  notations  arp  given  in  Fig.  28. 


By  acquiring  the  siailar  rature  cf  velocity  distribution  by 
height  cf  channel,  we  will  obtain: 
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for  the  channels  of  nozzle  cascades  it  is  possible  to  accept  the 
curvature  of  streamlines  ty  height  along  e g ui p c te n tial  and  the 
curvature  of  the  lower  wall  of  constant,  i.e.. 


ftm  ~ r>*'  r*  f*  r» 


in  addition  to  this  it  is  assumed  that  the  length  of 
eguipct ent ia 1 remains  constant  ly  height  cf  charnel.  On  the  known 
geometry  of  channel,  we  construct  equip ctential  plane  and,  bypassing 

it  cn  edges,  let  us  write  the  distribution  cf  the  velocities  along 

equip ctential  taking  into  account  the  curvature  cf  the  upper 

enclosure  in  points  a and  1: 

• > 

* " 7 


TP- 
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. The  velocity  in  any  cross  secticr  with  the  known  flew  rate  cf 

the  incompressible  fluid  is  determined  treir  the  equation  of 
ccrtir.  uity. 


[»pan  integral  velocity  or  the  upper  enclcsure  is  calculated  from 


equation 
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. The  volumetric  flew  rate  of  the  ineca pressible  fluid  through 

the  channel  in  this  case  will  he: 


v <*>*m*.  m 


s 


where 


DOC  = 76051693 


, For  the 

cur  ve/ graph a of 
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(30) 


(31) 


(3*) 


S1KC  of  sij[licitv  in  the  calculations,  are 


given  t h w 


■t-  (i »-  i e pe  nd p r ce s ct  » hC  «>)  and 


» /<Cv  (Fig.  29).  I 
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lower  band/shroud/t ire  is  plane  , then 


» ‘-Imft.SI.,  < n 

« Ll*** 

i »Mm 


the  account  of  compressibility  effect  is  conducted  by 
cne-d imers ional  diagram,  since  velocity  distribution  according  to 
eg  uipcter t ial  plane  it  is  pcssille  tc  consider  independent  variabl 
of  compressibility  effect  [34].  From  the  parameters  before  the 
qrid/cascade,  they  are  determined  X,  arc  q 4 ; further  from  the 
re  lat  i enshi  p/ratio  cf  areas,  is  determined  the  v,  </,  '■  for  any  cre 
section  of  channel. 
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Fig.  30.  The  comparison  ci  the  calculated  and  experimental 
distribution  of  the  velocities  in  channel  with  meridian  shaping 
(coordinates  oi  drainages  see  Fig.  27). 

Key:  (1).  m/s.  (2).  Experiment  ai  data.  (3).  Are  calculated  data 

Coordinates  or  the  shaped  band/shroud/tire.  (5).  Back  of 
a irfc i 1/prof  i le . (f).  Concave  surface. 
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From  g ! a r d q5  are  determined  the  relations  of  ( '■' ) and  ( ,") 
also,  from  them  the  di me nsicnless  velocity  an  the  arbitrary  cross 
sect i c i s : 


tie  comparison  of  the  experimental  arc  calculated  distribution 

cf  velocities  along  the  enclosures  cf  tie  charnel  cf  nozzle  cascade 
presented  in  lie.  JO.  mas  calculated  tie  divergent-convergent 
channel,  termed  ay  the  airfcil/profiles  cf  15 2 A {b  - 5 1 . 5 nr;  t = 
C.74;  - 0 . J 5 ; A j?a  = O.u).  Good  agreement  of  experimental  an  1 

calculated  i <a  *■  i jiv->s  grounds  to  apply  this  method  for  the 
calculatioi  of  -patial  flew  it  the  charr.els  cf  the  nozzle  cascades  of 
lew  altitude. 

1 1 < solution  of  *-v,fc  reverse  problem,  i.e.,  the  construction  of 
chant’ ] in  the  specified  distribution  cf  velocities,  presents  no 
difficulties,  . ince  out  of  feui  thiee  walls  of  channel  are 
assipined/pi  't'oribed  and  it  is  requited  to  determine  only  tie  upper 
e rclt  sur  1 cf  channel. 
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With  known  velocity  along  the  upper  enclosure  of  aaaa  (for 
example  tlenn  center  line),  vhe  known  flow  rate  of  V and  the  assigned 
geometry  of  step/stage,  disregarding  ir  the  first  approximation, 
curvature  alci  j < juipotertial  ai  (a  = 1),  according  to  formula  (27) 


we  deter mire 

"he  velocity 

in  tie 

p c i r.  t c f “ 

Furt  her 

in 

acccr ud : 

ce 

wit!'  form:  1 a 

(2^)  we  se  1 e 

ct  tht 

height /altitude 

C f d&  dd 

and 

ra  d ius 

of 

curvature  in 

mean  sootier 

. After 

this  according 

to  formula 

(27)  ve 

determine  velocity  takirg  into  account  tht  al  t e r n at  ing/va  r i a 1 1 e 
curvature  (a  tjfc  1)  of  During  the  considerable  deviation  of 

aaaa  and  aaaa,  is  conducted  the  repeated  selection  of  and 

on  the  velocity  of  and  again  is  computed  the  value  of  the 

velocity  of  with  the  appropriate  skill  already  the  second 

app roach/approxima t ion  turrs  out  tc  be  sufficient. 


Central  is  t.ne  questicr  concerning  the  selection  rational  the 
diagr an/cur ve  of  pressures  ( vel cci t ies ) cercerning  the  enclosure  cf 
airfoil/prefile,  concerning  the  upper  (shaped)  and  lower  walls.  Or 
hack  it  is  necessary  to  ensure  ccrvcrgert  flow  with  the  maximum 
accclerat.il  p pressure  gradients  in  output  part,  on  the  shared  and 
lower  walls  f he  distribution  ol 


pressures  nust  he  convergent  witp 
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A 

Leinq  gradually  decreased  crad  p tc  trailing  eaces,  in  order  that 
would  le  provided  £cr  the  uniform  st a t i c- j r ess ure  field  at 
cutput/yield  from  nozzle  cascade. 

For  providing  convergent  flew  on  the  upper  shaped  enclosure,  it 
is  necessary  at  output/yield  from  the  channel  where  most  probable 
diffuser  section,  tc  full  ill  the  taper  cf  1 en  d/shr  oud/t  i r e a4-  an 
angle  7 = 2-4°  (see  Fig.  27).  The  smaller  values  of  angle  7 pertain 
tc  welded  diaphragms  with  relations  0 < 2 C,  and  large  - to  the  milled 
setting  (with  large  0 > 20). 

In  connection  with  the  difriculvy  cf  selection  optimum  the 
diagram/cur ves  of  velocities  for  each  case  it  is  possible  tc  utilize 
the  simplest  method  of  the  construction  cf  meridian  enclosure,  based 
cn  experimental  dan  a. 

1.  Is  selected  the  rake  angle  of  the  upper  band/shroud/tire  7 = 
2-4  (see  Fig.  27)  . 

2.  On  curve/graphs  (see  Fig.  2f>)  is  selected  the  value  ot  the 
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cptimwn  compression  depending  or  the  relative  height/alt  it.  ude  cf 
rozzle  cascade^,. 

For  intermediate  step/staycs  the  value  of  a/0  is  selected 
minimum  in  orucr  t iiat  the  exparsicr  ancle  ct  diffuser  would  not 
exceed  6-10°  (see  Fig.  27). 

3.  Special  attention  with  the  shapinq  cf  the  channels  of  nozzle- 
cascades  must  turn  to  the  relation  of  '/  . which  characterizes  th 
compression  of  flow  in  skew  shear  cf  gtia/ccscacc  after  threat 
(designation  - cm.  Fig.  27).  Tie  value  cf  ^ i is  selected  within 

limits  from  0.30  to  0.44. 

4.  From  point.  A,  is  reduced  tne  perpendicular  to  the  line  cf 
taper  and  ty  radius  R through  prints  A and  E it  is  carried  cut 
circumference  (radius  R under  these  conditicns  is  determined 

u n a m 1 icuously) . 

5.  Py  radius  r — R is  mated  the  direct/straight,  and  curved  lir. 
cf  the  upper  enclosure. 


r 


. i 
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After  shaping  it  is  necessary  tc  determine  reaction  in  the 
arcitrary  cross  section  of  stef/stage,  at  kr.owr  value  in  the  root 
cress  secticr  ot  v..  for  formula 


v i 


('  V. » ( ' >P  Mil'll,  1 


i V4i 


. The  difference  in  the  reactions  in  root  and  peripheral  crcr: 

sections  is  determined  (with  v.  "»  on  the  following  dependence: 


'<?  i>.  (.■  i ( 


, /,  i 

r\p  Mfi’n,  i i 


where 


ft  </  t 
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. The  ferns  or  channels  in  meridiar  plane  uepends  on  the  basic 
geometric  parameters  of  step/stage,  in  particular,  ratios  6 (or  ^1 
d/fc,  etc. 


Depending  on  the  indicated  parameters,  is  changed  not  cnl  v the 
form  upper,  hut  also  lower  enclosures.  Specifically,  at  soar  values  0 
and  A it  is  necessary  the  internal  lower  enclosure  of  diaphragm  to 
fulfill  that  which  was  shaped  in  order  that  the  reaction  in  roc*- 
cress  sect  icr.  wculd  not  preve  to  he  less  than  the  reaction  cf 
apex/ vertex. 


The  si  aping  of  nozzle  cascades  ir  neridiat  plane  leads  to  ar 
increase  i r.  the  tr.rcat  area  ct  channels,  sirce  shaping  seizes  oblique 
the  sect ior/shear  of  channels.  A p j rnxinately  the  value  ot  tha  output 


area  cf  nozzle  cascades  can  be  determined  ty  the  following  formula: 


n - the  number  of  channels; 

' 

a - the  value  ct  the  throat  of  channel; 

I 


pi  - an  increase  in  the  area  in  meridian  plane  (see  Fio.  21). 


Experiments  show  that  during  the  de te r n i na ti cn  of  area  ^r  ci* 
formula  (36)  the  coefficients  cf  flew  rate 

M 
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prove  ♦■o  be  somewhat  loss  than  ter  gr id/cas ca des  with  d irect/st  t a ig  h t 
1 a r d/shroud/t ires.  This  connected  with  the  increased  nonu  n i f or  it  i t y of 
the  velocity  fields  in  throat  cress  secticn  and  with  the  inaccurate 
determination  of  the  area  ct  i.  . is  displaced  in  oblique 
sect icr./shear  ana  it  will  be  than  less  calculated  accordinq  to 
formula  (36). 


Taking  into  account  the  difficulty  ot  the  determination  of  *:.e 
area  ct  f.  . tire  calculation  it  can  be  carried  cut  accordinq  to  the 
usual  formula  t = nalj,  and  the  coefficients  ct  flow  rate  ^ are  taken 
accor  ling  +o  the  experimental  data  given  in  Fig.  45  for  the 
air  fo  i 1/ prof  i lo  of  S-9015A  with  the  cptiniun  fern  of  the  upper 
enclosure  (see  632).  One  should  shew  that  neridian  shaping  it  js 
expedient  to  apply  in  sufficiently  low  relative  height/altitudes  K < 
1.C  and  low  fanning  9 > 15.  In  large  fanning  are  applied  other 
methods  of  a decrea.se  in  the  tip  losses  in  nozzle  cascades  (see 
26)  . 


614.  Rational  forms  of  the  channels  cf  active  tunning  cascades  wit) 
the  lew  altitudes  of  blades. 





- 


fc 
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Ar  showed  the  e xperiserta  1 studies  [51;  1 ],  the  losses  :‘i  rr  r 
secondary  flows  in  curved  channels  ard  in  tie  q r id/cascad>* s o'  low 
altituu-r,  they  do  not  reach  the  minimum  during  continuously 
convergent  flow,  if  angle  ci  ictdticn  ir  channel  is  great,  but  sta 
pressures  at  entrance  and  exit  are  close  (iapulse  cascades). 


The  organization  of  di vergent-cen verge rt  t low  ir  the  v*i? 
chaiinels  of  impulse  cascades  with  the  uidt  angles  of  rotation  o*  : 
tp  > (115-12C0)  leads  tc  sharj  ccr.tract  icr  in  tie  tip  losses 


‘ < 

, 

. i 

f. 

K 


l\p  IWI  (A,  A.ii 


. It  is  possible  tc  indicate  the  different  methods  of  the 

construction  of  cascade  profiles,  which  correspond  the  indicated 
requirement.  The  most  economical  method  lies  ir  the  fac*  that,  ir 
order  to  adapt  for  low  altitudes  the  existing  airfoil/profiles  of 
impulse  cascades,  fcy  simple  changes  in  their  ferm.  This  way  mikes 
possible  tc  preserve  widespread  air f c i 1/pr cf i le s in  production  at 
turbine-constructing  plants,  introducing  fer  tie  low  altitudes  of 


1 1C 


lew 


the 


modification  of  the  initial  airfcil/prcfiles. 


The  new  airfoil/pref i les,  intended  fee  lew  altitudes,  were 
obtained  by  means  cf  the  trimming  cf  ccncave  surface  so  that  vane 
channel  would  have  expanded  being  constricted  form,  in  this  case  the 
tack  cf  a irfei  1/prof i le  was  retained  cc r st a rt / i r var ia bl e.  Fig.  31, 
shows  two  dirfoil/profile:  initial  ( R-2C21A)  a rd  with  diffuser 

section  at  entry 
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Here  arc  ijv-n  r ho  most  siqnilicart  Jinensicns  ef  the  channel:  w i d 
at  entry  a j , the  width  c f the  middle  part  cf  tie  channel  of  «.  a 
the  width  of  t;.roat  cress  section  at  output/yield  a?. 


The  grid/cascades  of  the  initial  a i r f c i 1/ p ref i les  are 
characterized  by  the  relations  cf  «.<i  anc  *>u  Grid/cascades 
(qtouf  of  they  have  diffuser  charnels  at  entry,  i.e.,  are 

charact  er  ized  cy  relations  cf  «.>i  and  the  -•  > i. 

It  should  be  noted  that  a change  ir  space  and  angle-  of  set  tit- 
leads  tc  a charge  ir  the  characteristic  cross  sections  of  clam. el 
their  relations  of  i.  and  s,.  Dutirg  sene  values  of  t and  e,  t 
initial  a ii  £ci  1/prof  iles  cf  group  A alr-c  form  divergent-convergent 
channels,  however,  in  this  case,  as  a rile,  is  rot  provided  the 
cptimun  diffuse  vi  tv  at  entry,  and  certs  i derally  change  the  flew  • xj 
anrler,  which  leads  to  an  esseitjal  irccease  ir  the  losses  in 
yr  i d/cascat!es. 

[urine  the  construction  of  t !.  impulse  cascades  of  low  altitu 
ly  solving  i i v<  r se  problem,  it  is  necessary  correctly  to  select  * h 
iritiil  i i a jr a ir/cu r v«  cf  pressures  cr  airfcil/ profile,  which  -'nsur 
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the  minimum  + i p losses.  It  is  possible  tc  shew  that  initial  the 
diagram/curve  o£  velocities  depends  cn  the  tasic  geometric  parameters 
ct  yr id/ca: cade  and,  in  essence,  on  its  relative  heig ht /al t i ♦’Udc . Ir 
connection  with  the  complexity  cf  the  task,  corrected  with  derailed 
calculation  ci  tip  losses  and  search  ojrioiuir  the  uiagram/cur ves  of 
velocities,,  were  utilized  experimental  data. 


Fig.  31  giv-'s  the  a iagram/cur  ves  ct  pressure  for  the  channels  ct 
the  vaiious  forms  o f the  gtid/cascade  cf  P-2021P  at  relative 
heigh,  r/altit.ude  J.  - 1.17.  Cr.e  should  rrte  si  stan^ial  change  th- 
diagr am/cu rve  of  pressures  it  jrepertien  *c  the  increase  in  the 
ditf  usivity  at  the  Mi+ry:  it.  r h*--  continuously  constriction  flow  o icr.  j 
tack  convergent  to  joints  6-5,  and  from  point  c to  trailing  edg=  - 
the  flew  rejion  of  diffuser  flow,  ir  all  extent/elony  it  ion  of  concave 
surface,  “he  motion  i.>  ccnvergert.  Ir  ctarrels  with  the  being 
expanded  entry  flow  along  the  intake  of  Lack  (joint  12-10)  also 
ccrvergei t. 


j 


1 


Tr 

cos 


* io  nozzl  liver  gent 

t h*  pressure  along 


r,(  c‘i  or.  rf  charnel  for  the 
Lurk  (jcirt  1C-7)  falls  up 


relation  c f 
to  points 


3-2. 
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As  a result  sharply  is  reduced  diffuser  section  in  skew  shear  cu 
the  Lack  of  a it  foi  1/prc  f i le  ({cint  of  the  niniocm  cf  prjssurp 
s i gn  i t ica  r.t  ly  is  lisplaced  along  flow).  Foi  a spar  of  the  tlane  ^ = 
1-17  airfoil  cascades  P-1021A  this  diftusivity  cf  («.  uki  is  close 
to  optimum,  the  total  losses  in  grid/cascade  in  this  case  are 
ninimum. 


I 

A further  increase  in  the  diffuser  secticn  at  the  entry  of 
«.  i.23  leads  to  the  appearance  of  a diffuser  section  on  the  back  of 
a ir f c i 1/prcf i le  (pcint  9-7)  with  the  subsequent  sharp  acceleration  cf 
flew.  The  losses  in  grid/cascade  yrow/rise. 

Thus;,  the  analysis  cf  the  diagr  a it /cu  i ve  s cf  pressure  niak^s  it 
[cssi1  le  tc  indicate  the  reasons,  whicl  lead  tc  a reduction/descent 
l r:  the  tip  losses  in  q ri  d/cascades  wit)  divergent-convergent 
channels. 

t' 

*- 

f 
t 

ly  such  reasons  three: 


the  first  - the  rctaticn  cf  flow  ir  vare  channel  occurs  it  1.  -,vr 
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average  speed,  conseque n 1 1 y , decrease  tfce  transverse  gradient  cf 
pressure  and  the  intensity  cf  overflowing  from  the  concave  to  convex 
surface  .. n end  walls; 

the  second  - on  the  output  secticr  cf  the  lack  where  are 
intensified  secondary  currents,  ficw  it  becomes  more  convergent; 
downstream  pressure  gradients  ’•fey  grcw/tise; 


the  third  - it  is  reduced  the  extent  cf  diffuser  section  on  lacx 
ir  skew  shear,  since  the.  print  cf  the  nir.imum  cl  pressure  is 
displaced  along  flow. 

Da+a  given  in  Fig.  32.  testify  to  the  presence  of  the  optimum 
diffusivity  for  the  gr  id/ casca  ce , desicr.ed  for  the  known  working 
conditions-  (Ik,  ho,  a 3)  and  having  specific  ceciretric  parameters. 

(Value  of  <*-i—  in  esserce  depends  cn  height  cf  grid/cascade), 
with  > decrease  in  the  height/altitude,  the  optimum  value-  et  aaaa 
correspond  i n g to  the  minimum  losses,  grcw/iises  and  it  reaches 

a 

maximum  with  / = 0.0.  In  the  grid /cascades  cf  the  lew^r  altitude,  v he 
optimum  diffusivity  decreases  and  with  very  lew  altitudes  (/<  n.2) 
is  exp*  iicr.t,  apparently,  tc  make  channels  convergent. 


k 
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The  effect  of  the  angle  cl  rctaticr  cf  flew  in  grid/cascade  to 
the  cf^iisuir  value  of  «.  can  te  estimated  cn  curves  in  Fiq.  33.  Ter 
the  greatest  angle  c:  rotation,  provided  with  + he  grid/cascade  cf 
P-3KA,.  t \ e optimum  diffusivity  is  a p p rex  i ua  te  ly  «-*■•».  while  fo; 
the  grid/cascade  of  the  p-sska.  of  at  relative 

heigh  t/alt  itu  io  - 1.  Ifi.  The  grid/cascades  of  p-wm.  and  *■**•*. 
cccupy  respectively  intermediate  pcsiticn.  The  dependence  of  lesso-s 
cn  space  for  all  tested  grid/cascades  turis  cut  to  he  suf f ic i« nt ] y 
fia*  whereupon  tie  optimum  space  noticeably  it  crcw/rises  wi  + h at. 
increase  in  the  camber  (angle  cf  ictaticn  cf  flew). 


Grid/cascade  tests  ct  the.  group  of  aaaa  at  the  alternate  angles 
cf  entry  show  that  in  th“  sufficiently  hreae  bard  of  a change  cf  the 
tsp , ~~  (10-15)  0 + he  less  in  grid/cascades  is  changed 

insignificantly,  just  as  in  the  gt  i d/cascaces  cf  group  A;  t),e  optimum 
reentrance  angles  for  the  grid/cascades  of  new  group  decrease  in 
ccmparisor  with  group  A,  which  is  explained  by  a decrease  in  the 
ske  le  ta  1/sk"  1<  ter;  reentrarce  angle  of  a ir  f c i 1/ p t of  i le  due  to  tre 
trimming  of  concave  surface  (see  Fig.  34). 

A+  the  same  time  curve/graphs  in  Fig.  34  confirm  t. hat  the 
maximum  advantages  cf  the  gri  d/cascades  of  the  greu)  of  a.  at  low 
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altitudes  are  exhibited  ter  the  nost  curved  ferns  R-2314A  - P-3021A. 
A difference  in  the  loss  factors  descends  with  an  increase  of  the 
reenrrance  angle  of  flew  and  tor  the  grid/cascade  of  P-3525A  at  j- j > 
35°  it  turns  out  to  be  minimum.  This  result  again  confirms  the 
advisability  of  applying  such  types  of  grid/cascades  for  the  wide 
angles  of  rotation  cf  flew. 


Compressibility  does  net  have  a noticeable  effect  on  losses  in 
grid/cascades  to  d — 1.  This  ex  per  i ire  r ta  1 tact  served  as  hase/roo* 
fer  testing  the  possibility  ct  the  execution  cf  the  impulse  cascades 
cf  greup  b - for  transonic  speeds  (0.9  < M < 1.3)  - with 
di ver gen* -converge nt  channels.  The  comparison  cf  two  t y pes  of 


gt id/cascades  i and  of 


shews  that  and  at  snail  supersonic  in  If* 


velocities  the  diffuser  duct  inlets  favorably  shew  up  i r.  losses. 


vaJut'E  of  inaction  (p  = 0 


-C 


ncc  = 7nOr>iMti  FAGr  mr 

/// 

The  character  istics  cf  the  gr  id/cascades  cf  •'«  and  fi«  are 
given  en  plates  25-1C  and  dh-TS. 

£15.  Shaping  of  nozzle  and  running  cascades  fci  step/stages  with  low 
tc  the  relations  of  " ■- 

Ey  the  most  widely  accepted  method  of  a decrease  in  weight  and 
dimensions  cf  turl  ines  is  ar  irctease  w ea r/epe La  ted  the  step/stages 
cf  hea4-  drops  with  the  increased  numter  of  revolutions.  In  this  case 
for  step/stages,  is  retained  the  cptiroun  telaticn  cf  the  velocities 
cf  >„  ' . the  efficiency  cf  turbine  it  renains  high.  However,  if 

rumbeL  of  revolutions  assigned/prescrihed,  then  this  way  nc+  always 
is  optimum,  since  it  requires  the  use  cf  reducer. 

Another  method  entails  apj 1 icat  icr/use  ir  the  step/stages  cf  th 
reduced  relations  cf  *.  This  is  reached  either  by  a lirect 
increase  in  the  woa r/op e r a t e d heat  dteps  at  ccrstant  peripheral 
speed,  or  ! y a decrease  in  the  peripheral  speed  (by  decrease  ir  the 
diameters)  with  constant  heat  dreps,  cr  by  that  and  other  methods.  A 
decrease  in  ♦ h-  •».  leads  tc  ar  increase  in  the  energy  losses  in 
£t«"'/st  ages,  in  single  step/stages  this  is  corrected,  in  essence, 
with  ar  increase  of  leaving  losses  and  losses  ir  running  cascades. 
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For  intermediate  step/stages  the  basic  increase  in  the  losses  during 
a decrease  in  the  *.  is  causec  l y the  lew  reertrance  angles  of  flow 
tc  the  nozzle  cascades  cf  diaphragms.  An  increase  in  the 
cost- e f f ec  t i veness/ef  f ic  i ency  cf  it  is  possible  to  attain 

va iicusl y. 

i 

*; 

From  experiment  it  is  known  that  the  maximum  stage  efficiency, 
designed  for  subsonic  speeds,  is  reached  with  the  heat  drops,  which 
correspond  tc  Mach  numbers  — 0.75-0.85.  Many  contemporary  turbines 
cf  active  type  arc  designed  for  «».r>  and  above  with  M < 0.5. 

Thus,  already  because  of  the  selection  ct  the  optimum  heat,  drops  is  a 
possibility  to  reduce  the  number  of  step/stages,  without  increasin' 
their  diameters  ana  retaining  the  previous 

cost-effectiveness/efficiency,  lo  raise  the  efficiency  of  the  singl 
step/stages,  which  work  with  small  relations  possible  ly 

applying  vaned  diffusers  after  running  cascade.  This  method  makes  it 
[cssible  tc  decrease  * he  losses  at  outlet  velocity. 

In  ord°r  substantially  tQ  decrease  the  in  step/stage, 

retainin'!  high  cost-e  £ f ect  i ven  c ss/e  f f i c ienc  y , it  is  necessary  to 
desigi  flew  area  and  the  airfoil  cascades,  whicl  ensure  th“  mi n i mu m 
cf  losses  at  low  reentrance  angles  and  the  wide  angles  of  rotation  ct 
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flow.  In  addition  to  this,  must  be  correctly  produced  the  layirg  ou 
of  static  1 heat  drops  to  the  first,  i r ter  it  ed  ia  tes  and  the 
last/latter  step/stage  of  section  for  the  target/purpose  of  the 
prevision  for  the  mininun  losses  to  cutlet  velocity  and  identical 


FCCTNClE  >.  The  static  hea+  drop  is  deteririreJ  frem  the  static 
parameters  of  the  gas  before  ar.d  after  step/stage.  ENDFOOTNOTE- 

lot  us  estimate  the  fraction  cf  losses  in  nozzle  and  running 
cascades  in  *h c step/stage  with  variable  *«  The  energy  lesser  in 

nozzle  and  running  cascades,  referred  to  available  energy  in 
step/stage  . are  record/ wr  itte  n in  the  following  form: 


/ 


and 


the  coefficients  of  energy  losses  in  nozzle  and 


running  cascades,  referred  to  available  energy  in  the  appropriate 


gr  id/ cascade : 
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(coefficients  of  the  losses  of  c,  end  are  determined  frctr,  the 

data  of  the  static  studies  ct  gr id/cascades) . 


Fig.  35,  depicts  the  curve/graphs  cf  the  fractions  of  losses  in 
nozzle  and  running  cascades  with  a,  = 15°  and  cf  three  values  cf 
reactions  (p  = 0;  0.5  and  -C.5),  from  which  it  fellows  that  with  a 
decrease  in  + he  *•  the  fraction  cf  lessee  increases  and  crly  ir  ^h 
rozzle  cascade  of  step/stage  with  negative  reaction  falls.  Taking 
into  account  also  t hat  with  a aecr ease  in  the  r,  decrease  the 
reertrar.ee  angles  a rd  increase  the  angles  cf  rctaticn  of  flow  in 
grid/cascades,  which  leads  tc  an  increase  ir  tie  losses,  we  cone  tc 
the  conclusion  about,  need  especially  it  is  thcrcugh  to  shape 
grid/cascades  to  low  ». 


The  jiv'-n  ir'  atlas  a irtoi 1/pi  of i les  cf  nozzle  cascades  (placer 


ECC 


7 60  5 H,  9 J 


PACE 

/£< 

9-15)  are  designed  ior  the  different  reentrai.ee  angles  and 
cutput/yio Id . str uctural/design  reentrance  angle  was  selected  to 
5-10°  less  than  calculated.  The  curvature  cf  the  enclosures  of 
a ir  f c i 1/pr  cr  i les  was  calculated  freir  the  conditions  of  the  optima 
distribution  of  velccities.  The  calculation  of  velocities  was 
performed  by  the  charnel  method  and  verified  cr  installat  icn  FliCA. 
for  a series  of  a ir f oi 1/ f r cl i 1 e s (plates  19-15)  back  an  1 conca  v- 
surface  were  constructed  cn  le mnisca tee  . 


Tie  selection  or  running  cascades  for  the  step/stages,  designee 
for  lew  aaaa  is  rased  cn  the  thermal  design  of  turbine.  On  velocity 
triangles  at  entrance  and  exit  from  rotcr  wheel,  is  located  frem 

atlas  the  corresponding  a ir f oi 1/pr c f i le . Tie  decree  of  reaction  i»  is 
expedient  to  accept  close  tc  zerc. 

For  providing  a high  rest -c tf ect i ve ness/e f ficiency , besides  tt 
selection  cf  a i rt oi 1/ pref i les,  it  is  inpertant  correctly  tc  trear 
heat  drops  on  step/staies.  The  ratio  of  the  static  heat  drop  of  first 
stage  to  t.  lit-*  heat  Irop  cf  inter  mediate  with  equal  diameters  and  under 
the  ccnditicr;  o(  tlie  axial  entry  of  flew  tc  first  stage  can  he 
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. witl  axial  out  put./  vie  li;  trou  M.f  last/1  a tter  step/s  taco,  ;;l 

ratio  of  s + itic  heat  crci  to  t ] e last/latter  step/stago  to  a he  static 
heat  drop  of  intermediate  step/staqe  will  he  written  in  the  following 
fern: 


i.'WI 


where  the  - the  flew  exit  angle  ficm  the  r.c^zlt-  cascade  of  the 

last/latt*  i step/stage  (it  ir  determined  lrcm  the  condition  cl  ‘hr 
evenness  of  flow  area  fcL  the  equation  cf  ccntiruity); 
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, - - tj-;a  relation  of  velocities  tor  an  intermediate 

1 4 

-tep/staye. 


Tbe  heat  drop  to  the  average  step/stage  is  determined  iron 
fcllcviir.y  formula: 


h 


n 


C«*>*  l|, 

1 ' • I, 


IK 

♦ »a  i K, 

< i |i\s  <1  . 'I 


where  i:D  is  tit  available  heat  dret  to  entire  section; 


2 


the  number  of 


step/stages  in  section. 


t he 


The  approximate  estimate 
section  ci  turbine  can  le 


ot  the  ccst-ef f ectiveness/e f ; iei. 
produced  cn  t h 3 Issis  or  fh* 


in V‘  st i gat  ir.i.e  cf  airfcil/picfiles*  ii 
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(here  * i cos  a,  jkJ) - 

fclfc.  Shaping  of  nozzle  cascades  rotary  controlling  diaphragm 

For  the  steam  turbines,  which  have  th<=  adjustable  selections 
pair,  etter  are  used  revolving  diaphragms.  A change  in  the  tlow  rat*- 
the  pair  through  the  turbine  during  varying  leads  is  achieved  ty 
overlap  at  the  entry  of  the  channels  cf  nc22le  cascade-  Are  applied 
nozzle  cascades  with  that  which  was  divided  and  that  which  was  net 
divided  by  t.hrott lc/chokes  [ 13;  1h].  The  nozzle  cascades  of  revolving 

diaphragms  with  the  undivided  t h ro* t le/c h c ke , unlike  the  usual,  for 
providing  a ♦otal  closing  have  a width  cf  channel  at  entry  less  than 
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the  width  cf  ai rf oi 1/picf i le . 


Widely  common  at  present  the  nozzle  cascades,  which  have  the 

extended  vane/blade  channel  of  constant  width  with  sharp  rctaticn 
near  exit  section  (fig.  16,  grid/cascade  1).  1 he  investigation  of 
revolving  diaphragms  [13;  1h]  it  showed  that  a considerable  decrease 
in  the  losses  over  a wide  range  of  mode/condit iens  it  is  possible  tc 
achieve  by  a decrease  in  the  length  cf  the  straight  portion  of 
charnel  after  rotary  ring  0 = (C.  1-0.2)  a0],  end  also  by  the 
application/use  of  an  inclined,  bnt  not  axial  entry  into  rcfary  ring 
and  of  a respectively  slcpirg  channel  (o0  - 20-30°;  Fig.  36, 
grid/cascade  2)  . 


This  change  in  the  shaping  cf  nozzle  cascades  leads  to  a 
decrease  in  the  losses,  since  during  full  gate  increase  the 
longitudinal  accelerating  pressure  gradients  ard  decrease  the  loss  of 
friction  in  channel.  During  partial  discovery/cpenings  in  this 
grid/cascade,  the  flow  expansion  occurs  s i n rlta recusl y with  rotation, 
whereas  in  grid/cascades  with  the  extended  intake  is 
realize/accomplished  the  rctaticn  cf  flew  at  a high  speed. 


DCC  = 76051693 


The  more  effective  method  of  a reducticn/cescent  in  the  lessee 


f 


in  the  nozzle  cascades  cf  revolving  diaphragms  entails  the 
application/use  of  sectional  nozzle  a i r f c i 1/pr c f i les  (Fig.  36, 
grid/cascade  3),  ar.d  also  cf  airfoil/prefiles  with  deflectors 
[deflectors  are  shewn  in  Fig.  36,  grid/cascade  2 (cell /ele  ment.  A)  1. 
The  advantage  of  g r id/ casca ces  with  sectional  Hades  are  the  absence 
cf  sharp  edges  on  the  duct  inlet,  and  also  the  favorable  form  of  vane 
channel  (Laval  nozzle)  during  the  partial  d iscc ver y/openin gs  when 
jutrp/drop  in  grid/cascade  increases. 
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Fig.  37.  Dependence  of  the  coefficient  cf  flow  rate  (a)  and  of  angle 
cf  departure  (b)  on  the  relative  flew  rate  through  the  grid/cascade. 
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To  the  number  of  deticienc y/lacks,  one  should  relate  technological 
difficulties  during  manufacture  and  an  increase  in  the  edge  losses 
during  partial  disccvery/openi ngs.  Grid/cascade  with  deflectors  is 
considerably  less  complex  in  manufacture,  tut  selves  the  only  part  of 
the  task:  is  removed  ore,  most  unfavorably  the  affecting  sharp  edge 
ccncave  surface  upon  the  duct  inlet. 


For  the  comparison  of  the  cost-ef feet iveness/ef f iciency  of  the 
nozzle  cascades  of  revolving  diaphragms  on  curve/graph  (Fig.  3f)  are 
given  the  experimental  less  factors  dejendirg  cr  the  relative  flew 
rate  ct  for  different  pressure  differentials.  Most 

economical  turns  out  to  ie  sectional  nczzle  cascade  (grid/cascade  3). 
Substantially  high  losses  has  grid/cascade  with  inclined  entry 
(grid/cascade  2).  The  quite  high  losses  are  obtained  in  grid/cascade 
with  direct/straight  entry  (gr i d/casca de  1). 


The  real  flow  rate  through 
degree  of  discovery/opening  ard 


grid/cascade  G with  the  assigned 
during  assigned  mode/conditions  is 


determined 


from  usual  formula 


t 
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r 


where  g - the-  giver  flew  rate  1 ; 


P - the  discharge  coefficient,  dependirg  cr  adiabatic  index  k. 

FCCTNCTE  >.  Tabulated  gas-dynamic  function  [6]  cf  « J~-  is 

ratio  of  the  giv^'n  gas  flew  through  the  grid/cascade  to  critical. 
FKrFCf^NOTF. 


When  the  degree  of  d isccvery/cpen  i rg  less  than  the 

the  ratio  cf  the  output  area  cf  nozzle  to  the  area  cf  nozzle 
at  entry  during  full  gate,,  which  deterninee  is  the  area  of  the  slot 
cf  th rct.tle/choke  F - Al.  The  coefficient  cf  the  flow  rate  cf  the 
throttle/choke  of  can  te  selected  cn  ty  experimental  data  of 

Fig.  37a,  taken  from  f13J.  rf  the  degrees  cl  discovery/opening 
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l»  * H. 

where  m0  - the  coefficient  of  flow  rate  during  full  gate  Po 
(C. 97-0,98) . 


The  flow  exit  angles  from  the  nozzle  cascade  of  revolving 
diaphragm  can  be  determined  tc  the  pografiku,  presented  in  Fig.  371 


kith  a decrease  in  the  degree  of  discover y/opening  and, 
correspondingly,  with  a decrease  in  the  relative  flow  rate  G/G0  angle 
cf  departure  from  nozzle  cascade  decreases; 


(„10;  g0  - angle  of  departure  and  flew  rate  during  full  gate). 


617.  Special  feature/peculiarities  cf  design  ard  calculation  of  the 
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cross  sections  of  the  grid/cascades  cf  laice  taming. 


Pirfoil/prof i les  in  different  cress  sections  ty  heiyht  of  the 
nozzle  and  running  cascades  are  selected  in  accordance  with 
velocities  and  reentrance  angles  and  output/yield,  obtained  as  a 
result  of  the  detailed  thernal  and  aercdyranic  design  of  s te p/stag o . 


If  velocities  ty  height  of  an  entire  grid/cascaderema in 
subsonic,  then  it  is  necessary  to  apply  th<?  a ir  fc  i 1/prof  i les  of  group 
A.  For  nozzle  cascades  vith  little  differing  angles  of  departure  «j 
entry  a0  is  applied  one  and  the  same  aicfcil/prcf ile  for  all  cross 
sections,  which  can  differ  ty  height  only  in.  terms  of  chord.  The 
cross  sections  of  running  cascade  are  selected  in  accordance  with  the 
calculated  reentrance  angles  and  output/yield  from  atlas  on  are 
constructed  according  to  lemniscate  method  (§9). 


In  the  majority  of  the  last/latter  step/stages,  which 
wear/eperate  gteaf  heat  drops  and  having  lew  relations  fi,  flew  ty 
height  cf  cascade  is  mixed,  velocities  are  changed  from  the  sutsonic 
to  large  supersonic  values.  In  nozzle  cascades  flew  of  peripheral 
cross  sections  subsonic,  while  in  rcct  - supersonic.  Consequently,  in 


CCC  = 7 60'S  1 693 


CCC  = 76061693  PAGE  J0t 

/99 

such  grid/cascades  in  peripheral  cross  sections  must  bo  utilized  the 
airf  o i l/prcf  iles  of  group  A , or*  average  - group  b,  in  root:  with  1.2 
< f!j  < 1.4  - airf oil/prcf iles  with  concave  Lack,  the  generatrices  the 
being  constricted  vane  channel,  ar.d  with  H,  > 1.4  airf  oil/rrof  ilcs 
with  concave  back,  the  generatrices  the  being  expanded  in  output 
cress  section  channel  (croup  c) . Fcr  providing  the  optimum  spaces  ir 
the  cross  sections  cf  nozzle  cascade  by  height  in  step/stages  with 
low  0 airfoil  chord  one  should  make  that  which  is  increasing  to 
periphery.  An  increase  in  the  chord  in  step/stages  with  uncovered 
flew  area  makes  it  possible  also  the  mere  everly  to  distribute 
convergence  by  height  cf  gtid/cascade. 


During  the  function  cf  large  heat  drops  flew  in  the  running 
cascades  of  step/stages  with  lew  0 disc  mixed:  cf  the  periphery  of 
the  velocity  after  gtid/cascade  supersonic,  in  root  cross  sections 
subscric  or  transonic.  In  such  grid/cascades  peripheral  cress 
sections  are  fulfilled  in  skew  shear  with  reverse/inverse  concavity 
f4C;  41].  Channel  being  constricted  (with  1*  2 < 1.4)  or  with  small 
expansion  (with  M z > 1.4). 


The  shaping  of  skew  shear  is  r ea  1 i ze/  acc  c ir  pi  ished  per  the 
cc mmor/goneral/tot al  recommendations,  presented  into  §510  and  11.  Th*- 
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procedure  for  t ho  shaping  cf  root  cress  secticrs  remains  the  same  as 
fer  the  impulse  cascades  cf  group  A and  of  t,  with  that  difference, 
that  with  shaping  and  selection  of  the  fern;  of  channel  the  lew  level 
cf  losses  must  be  provided  for  with  lew  relative  lattice  spacings  t. 


Ihe  mean  sections  cf  runninq  cascades  are  shaped  just  as  the 
reactive  transonic  airf oi 1/profi Its  cf  croup  b with  reentrance  angles 
= hC-120°.  At  subsonic  and  transonic  speeds  shaping  can  be 
tealize/accomplished  according  to  lemniscate  method.  With  an  increase 

cf  velocities,  one  should  change  the  term  ct  tack  in  skew  shear, 
transf er/cen verting  to  rectilinear  or  curvilinear  (with 
reverse/inverse  concavity)  enclosures.  For  providing  the  necessary 
area  cf  airfoil/prefile  correction  one  should  produce,  in  essence, 
because  of  concave  surface,  with  the  shaping  cf  running  cascadt-s  wi*h 
long  blades,  it  is  very  important  to  ensure  a snocth  change  in  the 
curvature  of  the  enclosures  of  a ir f ci 1/ pr c f i le  along  span  of  the 
blade.  This  will  ensure,  in  turn,  a uniform  charge  in  the  isobars  and 
will  decrease  the  radial  pressure  gradients  and  the  streamline 
curvature  in  the  vane  channels  cf  running  cascades. 
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Chapter  III. 


Calculation  of  the  aerodynamic  characteristics  cf  fPf#/rascados, 
effect  of  some  geometric  parameters  on  the  aerodynamic 
characteristics  of  ^sakycascades. 
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§18.  Losses  toe  friction  in  griu/cascades.  Eou ndary-1 ay  er 
ealeu lation. 


When  the  grid/cascades  oi  the  des ign/pro ject ed  step/stages 
cannot  be  taken  fro®  standards  or  from  the  atlas  of  a irf oi  1/prof i 1 es 
or  when  the  available  in  atlas  y rid/cascades  are  utilized  under 
conditions  for  which  are  absent  experimental  these,  aerodynamic 
characteristics  they  ar  calculated  from  empirical  and  semi-rational 

formulas.  Primary  aerodynamic  characteristics  axe  the  coefficients  of 
energy  losses  in  grid/cascades  C and  the  flew  exit  angles  at  (fi^)  . 


Energy  losses  in  grid/cascades  it  is  accepted  to  class  to 
profile  (in  flat/plane,  infinite  height/altitude  to  grid/cascade)  and 
end,  connected  with  the  finite  length  of  blades. 


Profile  losses  include  losses  tc  leundar y- la yer  friction,  eddy 
losses  with  flow  breakaway  on  airfoil/profile  and  eduy  losses  after 
trailing  edge  (edge  losses) . 


The  loss  factor  for  friction  is  called  the  ratio  oi  kinetic 
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energy  loss  in  grid/cascade  to  the  kinetic  energy  of  flow  after 
grid/cascade  during  isentrcpic  expansion.  Tnis  value  is  calculated 


from  boundary  layer  characteristics  according  tc  formula 


x*,*,*"**** 

7m  a,  ’ 


«l> 


where 


*. 


II. 

In 


t,  • l„  f— - - dimensionless  speeds  after  grid/cascade  for  real 
and  theoretical  processes; 


momentum  thickness 


of  boundary  layer; 


■'mis 


r 
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• the  relation  of  the  energy  thicknesses  (6***)  to  the  momentum 
thickness,  the  approximately  constant  value,  taken  equal  to  H***  = 
1-8; 

H*  = 6 */6**  are  ratio  of  displacement  thickness  to  the  momentum 
thickress,  approximately  equal  H*  = 1. 3-1.4. 

In  formula  (41)  the  sign  j means  the  summation  of  values  in 
the  exit  section  of  grid/cascade  from  the  side  cf  back  and  concave 
surface. 

For  the  calculation  of  the  loss  factor  for  friction,  it  is 
necessary  to  know  boundary  layer  characteristics  on  trailing  edge 
from  the  side  of  back  and  concave  surface  of  a irfoil/prof i le.  The 
boundary-layer  calculation  most  it  is  simple  tc  carry  out,  after 
assuming  that  a layer  completely  laminar  or  turbulent  on  an  entir* 
surface  of  a irf oil/ prof ile  from  the  intake  to  trailing  edges.  In  this 
case,  preliminarily  must  be  designed  by  one  of  the  methods  (see  §6) 
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or  determined  experimentally  speed  distribution  according  to  the 
enclosure  of  airfoil/profile.  For  the  tcuncary-layer  calculation,  can 
be  selected  methods  of  L.  G.  Loytsy anskiy , 1.  Ye.  Kalikhmana,  N.  M. 
Barkov,  B.  Ye.  Deutsch  and  A.  E.Zaryankin,  etc.  [28;  29;  25;  31]. 

For  the  laminar  bocndary  layer  of  compressible  liquid  when 
pressure  gradient  is  present,  the  solution  to  integral  momentum 
equation  it  leads  to  the  following  expression  for  the  distribution  of 
the  momentum  thickness  along  the  surface  of  the  aitf oil/prof ilo: 


V 


u 


rri*T 


••  • 


(«) 


here: 


(x)  - dimensionless  speed  on  boundary  layer  edge; 


H 


■ 

: 
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*i -kinematic  viscosity; 


x - the  moving  coordinate;  = x/L; 


L - the  length  of  convex  or  concave  surface; 


6**  = 6**/L  - the  relative  momentum  thickness. 


The  calculation  according  to  formula  (42)  turns  out  to  be 
relatively  simple.  However,  for  obtaining  mere  reliable  results,  it 
is  necessary  to  consider  that  under  specific  conditions  the  laminar 
boundary  layer  loses  stability  and  tra nsfer/ccn verts  to  turbulent. 
Tentatively  the  boundary  of  the  loss  of  stability  of  the  laminar  flow 
can  be  determined  by  critical  number  r£  --£5- . formula  for  which  is 
proposed  to  A.  P.  Melnikov. 
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^ >m;  ,43) 


here  E0  is  the  initial  turbulence  level  of  flow. 


Then  the  determination  of  the  point  of  the  loss  of  stability  of 


laminar  boundary  layer 
curves  [equation  (43)] 
intersection  of  the  in 
coordinate  numerous  ex 
laminar  boundary  layer 
region  whose  size/dime 
mach  number  and  Re,  tu 
processing  experimenta 
region,  are  obtained  f 


- ?(«) 

is  real ize/accoaip lished  by  a comparison  of  Y‘ 
and  to  Be**  = (j)  - . the  point  of 

dicated  curves  will  represent  the  unknown 
periments  they  shew  that  the  transfer  of 
to  turbulent  occurs  in  certain  transition 
nsions  depend  on  the  local  pressure  gradient, 
rbulence  level  and  sc  forth.  On  the  basis  of 
1 data  for  the  calculation  of  transition 
ollcwing  empirical  formulas  [6]: 
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(44) 

(4*) 


form-parameter  in  the  beginning  cf  transition 


[and  R.r-  Re  number  at  the  end  and  beginning  cf  transition  zone. 

Knowing  values  s and  r**r  it  is  easy  tc  find  the  coordinates  of 
the  cross  section  from  which  one  should  conduct  the  calculation  of 
turbulent  boundary  layer  and  the  value  cf  the  initial  momentum 
thickress  for  it. 


The  calculation  of  turbulent  boundary  layer  is  constructed  on 


the  basis  of  the  experimental  data  for  low  downstream  pressure 
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the  momentum  thickness  can  be  calculated  on  the  formula  of  M.  Ye. 
Ceutsch  and  A.  Ye.  Zaryankin  [6]: 
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38.  Dependence  of  coefficients  *2  and  f 
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Are  here  accepted  the  following  designations: 


/.-tf-fe-tf)’-: 

I,  0.0026X1"  (6-  rf)’  *1; 

I , Xlp,,(6—  Xj)'-";  (47) 

Re  « it-  _ 

* »« 

^"ie  number,  determined  on  the  critical  speed  and  kinematic  viscosity 

cn  wall  v.jAT;*, 

x0  - the  value  of  quantities  in  the  beginning  of  turbulent 
section. 

Functions  f1#  f2  and  f3  depending  cn  are  represented  in  Fig. 
38  and  39. 

With  high  pressure  gradients,  the  momentum  thickness  is 
calculated  from  the  same  formula;  only  instead  of  functions  f,,  f2 
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and  f3  substitute  with  respect  to  function  , i2  and  determined 

according  to  formulas  [b] 


?,  0.0078X;*(6-Xf),V,,‘’; 

f,  xj-(«-xr,'vmf 


(48) 


. Values  of  functions  4lf  and  *3  are  given  in  Fig.  38  and  39. 

If  upon  entry  to  boundary-layer  profile  is  turbulent,  then  *T  and 
in  formulas  (44-48)  they  are  accepted  equal  to  zero. 


The  calculation  according  to  formulas  (46),  (47)  and  (48)  with 
the  use  of  the  design  charts  turns  out  to  be  sinple  and  gives  a good 
agreement  with  experimental  data. 


When  conducting  the  boundary- layer  calculation  it  is  possible  to 
consider  the  increased  flow  turbulence  at  tne  entry  into 
grid/cascade.  The  momentum  thickness  in  this  case  is  determined  from 


(*  2.31  - 1.095- lO-'ke.  . 0.K5S- 10  'Vf).  (49) 


where  ft*.  a momentum  thickness  in  the  instantaneous  value  of 

turbulence  level  E0; 


60  **  ~ the  momentum  thickness  in  the  instantaneous  value  of 
turbulence  level  in  E0  = 0.005. 


During  the  calculation  of  losses  fcr  friction  according  to 
formula  (41)  it  is  necessary  to  use  experimental  data  for  values  of 
the  parameters  of  boundary  layer  H * and  H ***.  For  subsonic  speeds 
during  the  execution  of  the  approximate  computations,  are  accepted  H 
* = 1.3-1. 4,  and  H***+  = 1.8.  In  the  case  cf  increased  turbulence  of 
external  flow,  one  should  consider  a decrease  in  parameter  H****. 
According  to  the  experiments  of  the  MPI  on  increase  b'0  to  lOo/o 


parameter  If****  decreases  by  12-15o/o  and  it  composes  H****  = 


/ 


1.53-1.60. 


i 

fa 
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At  supersonic  speeds  the  parameter  H * somewhat.  grow/ri ses  and 
with  M = 1.6-1.  7,  it  reaches  values  of  1.5-1.  6 (in  the  case  of 
ncnseparable  flow) , and  values  of  parameter  H***  decrease  (to  1.6 
with  N = 1.6-1. 7) . 

t 

Cn  the  measurements  of  many  authors,  the  turbulence  level  under 

actual  conditions  in  turbine  reaches  great  significance  (to 

20-  30O/O).  In  connection  with  this  already  at  small  distance  f loci 

entering  edges  boundary-layer  flow  becomes  turbulent.  If  nozzle 

cascade  works  at  supercritical  speeds,  then  form  of  turbulence 

undergoes  on  vane  channel  the  action  of  high  accelerating  pressure 
L. 

gradients. 

t ‘ 
r r 


t 

i 


[• 


Some  investigations,  carried  out  in  our  country  [16]  and  outside 
boundary,  they  showed  that  with  prolonged  action  on  the  turbulent 
boundary  layer  of  accelerating  pressure  gradients  occurs  the  transfer 
cf  turbulent  boundary  layer  to  laminar  ("re verse/inverse"  transfer). 
Cn  the  section  of  " re verse/ inverse"  ttarsfer,  occurs  the 
la  min  a riza tion  of  the  velocity  protile  of  velocity  and  decrease  in 
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its  thickness.  Knowledge  of  the  conditions,  necessary  for  the 
emergence  cf  "reverse/inverse"  transfer,  makes  it  possible  to  refine 
the  procedure  for  calculation  6**  and  icr  losses  tor  friction. 
However,  up  to  now  there  is  exist  no  reliaLie  methods  of  the 
calculated  determination  during  transition  cf  turbulent  boundary 
layer  into  laminar. 


§19.  Effect  of  thickness  and  form  of  trailing  edge  on  the 
effectiveness  of  g rid/cascades . Calculation  of  edge  losses. 


Edge  losses  in  grid/cascade  are  called  the  expenditures  of 
kinetic  energy  on  maintaining  vortex/eddy  novement  for  outlet  edge 
and  for  the  dissipation  of  eddy/vortices  in  main  rlow  (ror  the  mixing 
cf  vortex  wake  with  flow  core) . The  value  cf  edge  losses  depends  on 
the  thickness  of  edge,  form  of  a ir toi 1/ pro f ile , geometric  and  regime 
lattice  parameters. 


One  should  emphasize  that  in  accordance  with  the  determination 
of  edge  losses  with  the  zerc  thickness  cf  edge  are  not  equal  to  zero, 
since  witn  descent  from  airfoil/ptcfile  (ftcm  tack  and  from  concave 
surface)  flow  has  the  nonunifotm  distribution  ct  speeds  (in  boundary 
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layer).  Consequently,  even  with  absolutely  sharp  edge  alter 
grid/cascade  is  formed  eddy,  and  part  of  the  kinetic  energy  it  is 
lost  during  flattening  cf  flux. 


In  the  atlas  of  airfoil/profiles  (part  II)  it  is  brought  the 
test  results  or  airfoil  cascades  with  the  dttetiined  thickness  ratio 
cf  trailing  edges.  Upon  transition  tc  another  thickness  of  trailing 
edges  for  initial,  is  selected  well  waste  of  a irf oil/prof i 1®,  and  a 
change  in  the  thickness  of  edge  is  conducted  by  means  of  the  strain 
of  its  enclosures  on  output  section.  In  practice  are  applied  three 
methods  of  a change  in  the  thickness  ct  the  trailing  edges:  1)  by 
variations  only  in  concave  surface  of  airf cil/protile  (Fig.  40);  2) 
by  changes  in  the  enclosure  of  airfoil/profile  only  from  t lie  side  of 
the  back  of  a ir f oi 1/pr o f i le  ; 3)  by  decrease  or  respectively  by  an 
increase  in  the  airfoil  chord. 


Each  of  the  methods  by  the  determined  torir  aftects  the  geometric 
parameters  of  gtid/cascades  and,  consequently,  also  its  aerodynamic 
characteristics  (loss  and  the  flow  exit  angle).  Work  [24]  shows  that, 
during  the  thickening  of  trailing  edges  in  the  first  method  and  tne 
corresponding  change  in  the  relative  space  profile  losses  increase 
insignificantly.  Other  methods  give  a mere  essential  increase  in 
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losses  [15]  (see  Pig.  4 1). 


The  available  sen i- empirical  methods  make  it  possible  to 
estimate  edge  losses  and  angle  of  departure  from  grid/cascade  on  the 
basis  of  the  experimental  data,  obtained  for  the  determined  types  of 
airf  oil/ prof  iles. 


Fig.  40.  Methods  of  the  format  ion/education  of  trailing  edges  in 
turbine  grid/cascades. 
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Fig.  41.  Effect  of  form  and  thickness  cf  trailing  edges  on  profile 
losses  in  nozzle  cascades. 

Fig.  42.  On  the  calculation  of  edge  losses. 
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At  the  snail  thicknesses  of  edges  and  subsonic  speeds  foe 
determining  edge  losses,  they  can  be  used  formula  [17,  24]: 


for  nozzle  cascades  or  jet/reactive  workers  and 


■U  Wr^  tu> 

for  active  type  running  cascades. 

In  some  literature  sources  is  given  G.  Fluegel's  approximation 


formula: 
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. As  show  experiments,  coefficient  K it  is  changed  over  wide 

limits  depending  on  geometric  r«.  etc.  and  regime  (Re,  M)  lattice 

parameters  (K  = 0.1-0. 3).  Therefore  G.  Fluegel's  formula  can  be  used 
cnly  fer  rough  estimate  of  the  magnitude  w 

The  generalization  of  numerous  experimental  data  shows  that  the 
factor  of  edge  loss  of  subscnic  speeds  depends  substantially  on 
relative  space  and  for  grid/cascades  (group  A)  can  be  determined  by 

formula 


U-U.  + M*  j.  ■ 


where  u 


the  factor  of  edge  loss  of  the  zero  thickness  of  edge 
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Value  t,.  is  determined  analytically,  if  is  known  flow 
conditions  in  boundary  layers  cn  back  ard  ccncave  surface  of  trailing 
edge  and,  therefore,  the  diagram/curve  of  the  speeds  in  a layer  with 
descent  from  edge.  The  calculations  shew  that  fer  a laminar  layer  a 
for  turbulent  ~0.0  12.  On  the  average  it  is  possible  to  accept  ~~ 

C.01. 


The  effect  of  Mach 
grid/cascades  with  the 
speeds  turns  out  to  be 
of  edges,  grow/rises  th 
are  reached  the  minimum 
cn  the  thickness  ratio 
the  profile  losses  in  t 
speeds,  with  change  in 
edge  can  be  produced  on 


number 

on  the  c 

har act 

er istics 

of 

dif fere 

nt  thickr. 

esse  s 

of  edges 

at  s 

ub 

so 

nic 

di tf ere 

nt.  With 

an  i nc 

rease  in 

the 

th 

ic 

kness 

e value 

of  the  c 

ptimum 

Mach  number 

wi 

th 

wh  ich 

prof il 

e losses. 

Fig . 

42,  gives 
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curve/graph  (se 

e Fig. 

43)  . 

It  should  be  noted  that  for  the  a ir f o i 1/prct iles, 
profiled  on  supersonic  speeds  (with  the  being  expanded 


special ly 
out  put. 
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section,  reverse/inverse  concavity  on  tack)  effect  M and  aaafc^will  be 
different. 


The 

approxima 

te  computati 

on 

of  ti  p 

losses  in  nozzle  c 

with  the 

different 

thicknesses 

of 

edges 

can 

be  conducted  o 

! 

curve/graphs  (Fig. 

42)  , where 

are 

given 

Jifc. 

tTr- 

tc 

yt,.(C> 

de  pendence)^  ti 

with  the 

thickness 

of  edge,  eg 

ual 

with 

6=0). 

Experimental  studies  show  that  the  losses  cf  friction  in  the 
grid/cascades  with  change  of  6 are  changed  insignificantly.  So,  upon 
transition  from  6 = 0 to  6 = 4 mm  for  the  airfoil/profile  of  S-9012A 
with  t = const  y are  changed  from  1.5  tc  2.5c/o.  Consequently,  for 
the  approximate  computations  by  a change  in  the  losses  of  friction  it 
is  possible  to  disregard. 


Calculation  of  profile  losses  for  gr id/cascados  from  the  with  a 
thickness  trailing  edge  of  air fcil/prof ile,  which  differs  from  that 
which  was  given  in  atlas  (part  II),  is  conducted  according  to  formula 
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t,-u,+ 


where 
at  las 
(with 


and  *»«  - thickness  of  the  edge  of  airfoil/profile  in 

and  profile  lcsses  in  grid/cascade  with  this  thickness  of  edge 
K = 0. 5-0.8)  . 


The  calculation  of  tiF  losses  U for  an  airf oil/protile  with 
the  thickness  of  edge  6 with  known  tip  losses  from  atlas  by  thickness 
6|  is  conducted  according  to  formula 


u.Ui(,  +*-£]. 


where  5ft  and  - they  are  determined  from  the  generalized 


curve/graphs  tor  subsonic  grid/cascades,  given  m Fig.  42. 
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For  other  types  of  the  gr id/cascades  of  experimental  data  thus 
far  insufficiently  for  the  construction  of  the  generalized 
dependences.  During  the  determination  cf  the  effect  of  the 
thicknesses  of  edges,  one  should  ly  calculation  determine  losses  on 
friction  (§16),  tip  (§21)  and  profile  (§20)  losses  and  to  conduct 
further  calculation  according  to  the  procedure  outlined  above. 


To  losses  in  grid/cascades,  substantially  affect  not  only  *he 
method  of  f ormation/educaticn  and  the  thickness  of  edge,  but  also  the 
form  of  edge.  Previously  experiments  [5C]  and  [5  conducted]  showed 
that  the  most  advantageous  form  of  edge  with  M > 1.0  is  rounded  off. 
This  effect  is  explained  by  the  structure  cf  the  flow  about  the 
rounded  off  edge,  with  an  increase  in  the  velocity  and  an  increase  in 
Fe  number,  the  separation  points  flow  cn  the  edge  of  airfoil/profile 
are  displaced  along  flew.  The  rounded  off  section  of  edge  and  -he 
tack  of  airfoil/profile  ferir  the  short  expanding  duct,  the  conditions 
of  flow  in  which  correspond  to  flow  in  Laval  nozzle.  Therefore  in 
such  grid/cascades  the  minimum  of  losses  is  displaced  to  the  side  of 
great  significance  M , and  by  sunsonic  less  rates,  they  grow/rise. 


The  study  of  the  effect  of  the  thickness  cf  eage  in  nozzle 
cascades  with  expanding  ducts  showed  that  an  increase  in  the  edge 
losses  with  an  increase  in  the  thickness  ratio  cf  edge  depends  on 
rubber  M„  at  output/yield  from  grid/cascade.  With  an  increase  Mu 
the  effect  of  the  thickening  of  edge  on  the  less  factor  decreases, 
which  is  connected  with  the  displacement  of  separation  points  and 

I ....  1 

i decrease  in  the  edge  wake  ir  compariscr  with  the  geometric  thicxness 

cf  edge. 

1 

§20.  Frofile  losses  in  grid/cascades. 

Profile  losses  in  gr id/oascades  ate  defined  as  sum  of  losses  foc 


the  friction  and  edge  losses: 


— 
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Cm  = U,  + Cm- 


. By  definition,  the  coefficient  Cm  characterizes  losses  in 

the  grid/cascade  of  infinite  length.  This  value  is  the  most  important 
aered y na mic  characteristic,  which  shows  the  degree  of  the  perfection 
of  airfoil/profile  and  grid/cascade. 


The  factor  of  edge  loss  is  determined  ty  calculation  according 
tc  formula  (52)  after  preliminary  calculation  t*  (§1d). 


In  certain  cases  it  is  possible  tc  use  the  approximation 
formulas,  which  make  it  possible  to  tentatively  estimate  value 
without  detailed  calculation  or  constituting  losses.  Thus,  for 
instance,  for  small  subsonic  speeds  by  G-  A.  Zal’f  is  recommended 


formula 


DOC 


7606 1 69 J 


PAGE  X& 


R«"J  un  a,j^ 


(55) 


. Here  m = 0.5  for  laminar  and  m = 0.25-0.3  for  turbulent  flow 
conditions  in  boundary  layer.  Coetticient  E is  changed  within  limits 
€ = 0.25-0.6  depending  on  the  shape  cf  the  air f cil/prof lie  and  basic 
geometric  parameters  of  grid/cascade,  taith  the  use  by  formula  (55) 
the  conversion  from  one  thickness  ct  edge  tc  ancther  is 
realize/accomplished  on  relaticnship/ratic  (53). 


At  supersonic  speeds  the  profile  losses  include  additionally 
wave  shock  losses: 


U - U + U 1 1— ■ 


(56) 


Value  Imm  is  determined  from  theoretical  formulas  [ 10  ] 


m.'.-v-m.  -f  r- 
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where 


Cm  ” 


iSL=3£. 


1 1 I I 
T~T ' ~F 


—T 


cos1* 


<57» 


K'  - characterizes  flow  in  divergent  section  of  the  vane  channel 
(Table  6)  . 


§21.  Flow  exit  angles  from  grid/cascade  at  subsonic  and  supersonic 
speeds. 


The  most  important  aerodynamic  characteristic  of  grid/cascade  is 
the  flow  exit  angle;  angle  cf  departure  makes  it  possible  to 
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construct  the  velocity  triangles  of  step/stage  and  to  calculate 
losses  in  the  subsequent  grid/cascade.  At  short  distances  after 

trailing  edge,  the  flow  has  periodically  the  ncnuni form  field  cf 
velocities  and  angles,  which  with  remc val/dista nee  from  grid/cascade 
is  equalized.  The  mean  angle  of  the  flushed  flew  after  grid/cascade 
is  determined  usually  experimentally.  For  the  newly  design/projected 
grid/cascades  angle  of  departure  at  subsonic  speeds  calculate  from 
f crmula 


where  a - the  size /dimension  of  exit  section  of  vane  channel; 


m - experimental  coefficient; 


correction  factor  in  formula  (5H)  makes  it  possible  to  pass  from 

« »«(>«*  ^"T )'  J 

tc^'Coef  f icient  ■ depends  on  Re  numbers  and  N , and  also  on  the 
thickress  of  trailing  edge  and  on  the  form  of  tack  in  skew  shear. 


Experiments  show  that  for  a irf  cil/prof  iles  with  rectilinear  back,  in 
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lcssesA  For  a convex  lack  f)2. 


somewh 


(m  0.97  + 


at  less 


It  should  bo  noted  that  at  subsonic  spee 
£2  and,  correspondingly,  coefficient  m to  a c 
depend  on  distribution  pressures  along  the  ta 
skew  shear.  If  the  pressure  in  minimum  cross 
pressure  after  grid/cascade,  angle  of  uepactu 
mere  than  effective  angle  ft  , *a  coefficient 
contrary,  with  increased  pressure  in  the  mini 
channel  angle  02  can  be  less  P^(m<l). 


ds  the  flow  exit  angle 
cnsiderable  degree 
ck  of  air  foil/profile 
section  is  less  than 
re  p2  can  prove  to  be 
m > 1 and,  on  the 
mum  cross  section  of 


in 


With  an  increase  of  energy  losses 
coefficient  m grow/rises. 


in  grid/cascade,  the 


At  the  supersonic 
establish/installed  the 
grid/cascade,  occurs  the 
flow  conditions.  The  wave 
two  rarefaction  waves  and 
This  system  of  waves  and 
after  grid/cascade. 


speeds  in  the  zene  cf 

critical  speed.  In  sk 
wave  spectrum  whose 
spectrum  it.  include 
three  sheck  waves  ( 
jumps  determines  the 


narrow  cross  section,  is 
ew  shear  of 
structure  depends  on 
s (in  the  simplest  case) 
fet  one  channel)  [6]. 
average  flow  angle 
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Curing  the  intersection  of  tho  system  cf  the  rarefaction  waves 
and  jumps,  separate  flow  lines  repeatedly  and  differently 
transformed.  The  averaged  angle  of  depatture  increases  in  comparison 
with  subsonic  mode/co ndi tic ns  - flew  deviates  in  skew  shear.  For  the 
approximate  computations  with  not  the  very  high  expansion  ratios  of 
flow  in  skew  shear,  widely  they  use  foraula  fer  the  airflow  angle, 
obtained  from  equation  continuity  (Baire/Eeer 's  formula): 

* arc  sta  (-i-  an  ^ (59) 


. Here  q - the  given  flew  rate,  which  is  defined  in  on  the  tables  of 
gas-dynamic  functions  depending  on  a relative  jressure  differential 
cf  aaaa  on  grid/cascade; 

6 - the  airflow  angle  in  skew  shear  (see  Fig.  UU)  . 

■ . ■ ; . 
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Fig.  44,  depicts  the  calculated  deperoence  (see  formula  69)  of 
the  airflow  angle  in  skew  shear  from  the  relation  of  pressures  and 
skeletal/skeleton  angle  of  nozzle  and  rotor  blades,  the  constructed 
for  overheated  water  vapor  (k  = 1.3).  The  dash-line  line  determines 
the  greatest  airflow  angle,  possible  within  the  limits  of  skew  shear, 
and,  thus,  it  separate/liberates  the  zone,  which  corresponds  to  the 
deflection  of  flow  in  skew  shear  from  the  zone  cf  the  deflection  of 
flow  beyond  its  limits. 


The  more  precise  formulas,  which  consider  a secies  of 
supplementary  factors,  were  obtained  by  G.  iu.  Stepanov  [39],  A.  s. 
Natalevichem  [32]  et  al.  In  the  MPI  [10]  for  the  calculation  of  the 
airflow  angle  in  grid/cascades  with  expanding  ducts  is  obtained  the 
following  formula 


I 
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where 


tRft 


% 


I (*■*■,)*»'  I "* «».  </*  l>  I i 


* • 1 

L,  i*  *)(*C  (.()*  2w*(  A' 

1 * r 

[_ ~TTT~  . 

(A’  Pi) 

V d«o.w  (/'  1) 

(A'  Pi) 

•resin  --  ; 


(60) 


*’  * ' i + t('  4 £)<'-" 

- the  coefficient  whose  change  depending  on  t is  presented  in  Table  b 

§20; 


I * 

' a« 

- the  expansion  ratio  of  vane  channel; 


p 


* 


- the  ratio  of  pressure  after  grid/cascade  to  pressure  in  the  throat 
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ct  channel; 


k * the  index  cf  isentropic  process. 


It  is  necessary  to  note  that  the  angle  of  deflection  is  counted 
eft  from  the  geometric  flow  exit  angle 


“i*  art  'iii  (tin  uUr/). 


For  the  low  airflow  angles  (6  < 10°)  formula  (60)  it  is  possible 
to  sitrplif  y [ 6 ] 


t*6  i 


ih  1 1 (A'  p/)*  .WM  A'  n't 

» I k \ 

I'  (»■  />/■  I < • o 


I fill 
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Faye  32. 


Fig.  45.  Coefficients  of  the  flow  rate  in  nozzle  and  running  cascades 
cf  the  optimum  lattice  spacings  and  the  reentrance  angles  of  flow  (Re 
> 8 • 10  s)  . 


1 
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If  we  in  equations  (60)  and  (61)  place  £ = 1 (constriction)  that 
they  convert  G.  S.  Stepanov's  krcwn  formulas  [39]. 

It  should  be  noted  that  all  formulas  given  above  ate  obtained 
under  the  assumption  of  the  infinitely  fine/thin  sterns.  In 
qr id/casca des  with  the  final  thickness  cf  trailing  edges,  the 
deflection  of  flow  in  skew  shear  at  supersonic  speeds  turns  out  to  be 
different.  The  approximate  account  cf  the  effect  of  the  thickness  of 
trailing  edge  can  ue  produced  according  to  A.  S.  Natalevich's  formula 
[32]. 


; 


§22.  Coefficients  of  the  expenuiture  of  turtine  grid/cascades. 


During  the  calculation  of  the  flow  areas  cf  nozzle  and  running 
cascades,  it  is  necessary  to  knew  real  flew  pattern  in  grid/cascade. 
The  presence  of  wall  boundary  layer  of  channel,  the  nonun i form i ty  of 
velocity  fields  and  the  presence  of  the  secondary  flows  lead  to  the 
fact  that  the  real  expenditure  differs  from  the  theoretical.  This 
difference  is  considered  by  the  coefficient  of  expenditure  equal 
to  the  ratio  of  the  real  expenditure  G to  theoretical  . 


s 
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Values  p depend  on  hew  is  formulated  the  ccncept  of  the 
theoretical  flow  rate  of  . In  accordarce  with  the  quations  of 

continuity  the  real  consumption  of  the  mass  of  gas  nozzle  cascade  can 
fce  calculated  by  the  different  methods: 


0 (lO,  Ml *Vi Vi/'ii  si"  “i*  hw-<s'n  11 1 * 

sin  u,  .n././.g,/,  sin  <i,  (»>Z» 


. Here  dt;  lx  is  the  mean  diameter  and  the  height/altitude  of 
yrid/cascade; 


Pi  cJ  ^ It 

- the  density  and  the  speed  cf  tlcw  after  grid/cascade  during 
isentrcpic  expansion; 


fmt  ' t 

- averaged  density  and  the  speed  in  threat  cress  section  with 


isentrcpic  expansion; 
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a,  - the  averaged  real  (expenditure)  angle  of  departure  fro® 
grid/cascade . 


'Ihe  coefficients  of  the  consumption  in  eguation  (62)  are 
respectively  related:  tc  the  area  cf  throat  cress  sections  and  the 
theoretical  parameters  after  grid/cascade  tc  the  area  of  throat 

cross  sections  and  the  theoretical  parameters  ir.  these  cross  section 
*;  to  the  discharge  area  and  the  theoretical  parameters  in  this  of 

p'  i • 


Are  possible  other  methods  of  the  expression  of  the  gas  flow 
through  the  grid/cascade.  Thus,  for  instance,  formula  (62)  can  be 
written  thus: 


a 


id*./, /,tV  i "i.* 


where  pjC,  - averaged  real  (taxing  intc  account  losses)  density  and 
the  speed  in  throat  cross  sections. 
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The  enumerated  coefficients  of  ccrsumpticr.  are  interconnected 


Mi 


M* 


Vwil*  ml 
Oil4  If 


vn  »i| 
sinu,  +t> 


Mi 


IV  i 
Vii'  ii 


(631 


they  can  be  approximately  expressed  1 through  the  velocity 
coefficient 


'I 


Vn 

i'. 


\in  a, 

tin  ii, 
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FCCTNOTE  *.  Caring  t.he  determination  of  velocity  coefficient.  the 
averaging  cf  the  parameters  is  done  in  the  equation  of  the  momentum, 
and  coefficient  of  consumption  - in  the  eguaticr.  cf  continuity. 
ENDi'GCTNOTE. 


The  selection  of  the  discharge  characteristic  of  grid/cascade  is 
determined  first  of  all  ty  the  reliaoility  cf  those  experimental 
data,  cn  which  it  is  calculated. 


During  the  experimental  determination  of  the  coefficients  of 
consumption  p *,  of  p*t,  p'i,  and  also  during  the  thermal  design  or 
step/stage  according  to  these  coefficients  it  is  necessary  to 
accurately  know  the  distribution  of  the  parameters  in  throat  cress 
section  and  of  the  angles  after  grid/cascade  a,.  In  many  instances 
these  data  ate  absent,  even  the  insign irica nt  error  in  the  evaluation 
of  angles  of  departure  can  lead  to  essential  error  during  the 
calculation  of  the  flow  passage  cross-sect icnal  area  of  grid/cascade. 
Therefore  in  the  practice  of  the  thermal  designs  at  plants,  they  use 
in  essence  the  coefficients  of  the  consumption  p,  , which  can  be 
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obtained  from  experiments  cri  the  maximum  accuracy/precision. 

The  coefficients  cf  consumption,  referred  to  the  throat  cross 
sections  of  the  nozzle  and  running  cascades,  are  calculated  from 
formulas 

i,  i, 

u,  , — u,  -p- . (IS) 

rl  'laViXll 


f,.  .ta/, 


VJj: 


•id/,  »in  p.^ 


Here:|yis  an  area  of  the  throat  cross  sections  of  nozzle  cascade  aiui/j 


is  an  area  of  the  throat  cross  sections  of  running  cascade,  s<"  “w  <*. 

»i»  Pi.>  a.  Vu-  ) 

&r\d-  theoretical  density  and  the  speed  in  relative  movement  for 


running  cascade. 


All  geometric  parameters,  which  determine  the  areas  of  aid 


F^^jeasily  are  measured  wher  conducting  the  corresponding 
experiments.  During  the  thermal  design  these  parameters  are 
establish/installed  on  drawings.  The  coefficients  of  consumption, 
cttained  experimentally,  depend  on  the  numerous  geometric  and  regime 
parameters  and  first  of  all  on  the  fern  of  aitf cil/prof ile , relative 
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height/altitude  and  reenttance  angles  ar.d  c ct  p u t/ yie  Id , Re  numbers 

and  M . 

For  nozzle  and  running  cascades  with  the  optimum  reentrance 
angles  and  the  optimum  spaces  of  Re  > 6«104  and  M 0.4-0. 9, 
coefficients  of  consumption  can  be  taken  on  experimental  cui ve/graphs 
(Fig.  45).  Values  p in  Fig.  45  are  obtained  by  processing 
experimental  data  on  formulas  (65).  The  velocity  fields  in  the 
minimum  cross  sections  ct  channels  were  considered  uniform. 

Ir,  practical  calculations  of  discharge  characteristics  when 
using  curve/graphs  (Fig.  45)  it  is  necessaiy  to  consider  the 
following  supplementary  factors: 

1.  The  distribution  of  the  speeds  in  the  minimum  cross  section 
of  channel,  which  depends  on  the  form  of  a irfoi  1/prof iles  (curvature 
cf  the  enclosures  of  back  and  concave  surface,  the  geometric 
reentrance  angles  and  cutput/yi eld,  etc.)  and  of  the  performance 
characteristics:  Mach  numbers  and  Re,  the  reentrance  angles  of  flow 


°o  IP 1 ) • 
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2.  Regime  paraaeteLS:  f*ach  nusLti  anl  Re,  ana  also  teuitunct 
angles  a0  (fij)  . 


J.  Deviations  of  parameters  t and  cf  cc  ( B ) from  t h - opti 

J J 


lmum 


values. 


The  distribution  of  the  speeds  in  the  aininum  cross  section  of 
channel  is  determined  from  experimental  or  calculated  (f,§8,  9)  static 
pressures  on  back  and  concave  surface.  For  nozzle  cascades  with  low 
angles  of  departure  (ut  <13°)  pressure  in  threat  cross  section  (as  a 
rule)  it  proves  to  te  above  tnan  static  pressure  after  grid/cascade. 
At  wide  angles  of  departure  a!  > 16°,  picture  is  changed 
(characteristic  diagta m/cur ves  of  pressures  for  different 
airtoil/pref iles  are  given  in  Fig.  13). 


From  the  number  of  regime  parameters,  most  strongly  affects  the 
coefficient  of  consumption  Reynolds  nunter.  To  evaluate  the 
coefficients  of  the  consumption  p in  nozzle  and  running  cascades 
during  a change  in  Re  numbers  it  is  possible  tc  use  the  curve/graph. 
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given  in  Fig.  46. 


The  calculation  of  consumption  through  the  grid/cascade  by 
supersonic  speeds  is  conducted  with  the  aid  of  the  coefficient  of 


consumption  p *.  In  this  case  the  density  and  the  speed  in  throat 

( <«-,  - v« . r„  r.) 


cross  sections  in  theoretical  process  are  egual  to  cr itica 1 values^ 
Values  of  coefficients  p are  accepted  according  to  those 
curve/graphs,  given  in  Fig.  45. 


The  calculation  of  the  coefficients  of  consumption  of  subsonic 
and  supersonic  speeds  is  reali ze/accomp lish ed  according  to  t h<= 
thickness  of  displacement  6*  in  the  threat  cross  section: 


i ( 0ml- m/A'Ii 

I ihVil'  II  *iH 


m 


. In  accordance  with  formula  (66)  for  determining  p * it  is 

necessary  to  calculate  value^for  a back,  a concave  surface  and  the 


end  walls  of  channel  and  to  find  their  sum.  one  should  emphasize  that 
tne  calculation  of  the  coefficients  of  consumption  in  formula  (66) 


1 


r 
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Fig.  48.  Effect  of  relative  height/altitude  and  angle  of  rotation 
through  tip  losses  in  active  and  jet/reactive  griu/cascades. 
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as  ^ 

Key:  (1)  Impulse  cascades  without  diffuser  section  at  entry.  (2) 

Jet/reactive  gr id/cascades  without  compression  ty  height.  (3). 

Laminar  boundary  layer.  (4).  Turbulent  boundary  layer.  (5) . Impulse 
cascades  with  divergent-convergent  charnels.  (6).  Jet/teac ti ve 
grid/cascades  witn  unsymmet tie  compression  in  skew  shear. 


Table  J. 
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§23.  Effect  of  relative  height/altitude  on  the 

cost-ef tecti veness/ef f iciency  ct  g r id/casca des . Calculation  of  rip 
losses. 


In  the  nozzle  and  tunning  cascades  of  low  relative 
height/altitude  the  basic  traction  of  losses  they  compose  tip  losses. 
The  f cr mation/educa tio n of  tip  losses  is  ccnnected  with  the  curvature 
of  vane  channels,  the  presence  of  the  transverse  gradients  of  the 
pressures  in  channel,  which  cause  the  secondary  eddy  of  gas  in 
boundary  layers  from  concave  surface  on  tlat/plane  walls  to  back.  The 
energy,  spent  on  maintaining  the  secondary  (vcr tex/edd y)  motion  and 
for  the  overcoming  cf  supplementary  friction  cn  tlat/plane  walls, 
composes  tip  losses. 


The  value  of  tip  losses  depends  on  the  geometric  and  regime 
parameters,  namely:  from  relative  span  cf  the  Hade,  angle  of 
rotation  of  flow  in  grid/cascade,  convergence  cf  channel,  sp^ace, 
overlap/ceiling,  reentrance  angle  f3,,  cf  Mach  numbers  and  Re,  of  the 
rcnunitormity  of  flow  at  entry,  turbulence,  etc. 
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The  absolute  value  cf  tip  losses  tc  known  limits  does  not  depend 
cn  the  heig  h t/a  lti  t ude  cf  grid/cascade . Consequently,  tae  factors  of 
tip  less  linearly  change  depending  cn  b/£.  At  certain  minimum 
height/altituae  occ trs  the  joining  of  the  secondary  flows  and  flow 
pattern  in  grid/cascade  is  changed:  the  range  cf  the  increased  losses 
occupies  entire  middle  part  of  the  channel. 


Experiments  show  tnat  any  changes  in  the  geometric  parameters, 

which  produce  an  increase  in  the  transverse  gradient  ot  pressure  in 
channel  in  the  cross  sections,  where  the  curvature  is  maximum,  it 
leads  to  an  increase  in  the  tip  losses.  This  first  of  all  is  related 
tc  the  angle  of  rotation  of  the  flow,  with  an  increase  of  which  the 
intensity  cf  tip  losses  increases.  An  increase  in  the  space  ot  nozzle 
cascades  leads  at  first  to  decrease  (tef^^)  , and  then  to  an 
increase  in  the  tip  losses.  With  the  optimum  space  an  increase  in  the 
angles  ot  setting  a irf oil/ prof i'l e produces  a reduction/descent,  in  the 
losses,  while  with  low  pitcher>,  on  the  contrary,  with  an  increase  ot 
cc, ,((%..)  tip  losses  they  gtow/rise. 
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An  increase  in  the  cverla p/ceil ing  leads  tc  an  increase  ir. 
thickness  and  eddying  of  boundary  layer  on  end  walls,  the  intensity 
of  the  secondary  flows  increases. 


The  studies  of  gr id/cascades  with  nonuniform  field  of  inlet 
velocities  show  that  the  maximum  tip  losses  are  observed  with  + hat 
elongated  in  the  middle  part  the  d i agra i/cu rve  of  the  velocities, 
minimum  - at  increasing  speeds  of  tlade  tips. 


An  increase  in  Mach  numbers  and  Fe  and,  correspondingly,  the 
refinement  of  wall  boundary  layer  cl  channel  leads  to  a decrease  in 
the  tip  losses. 


Decreases;  in  the  tip  losses  in  the  gr i d/cascades  of  low  altitude 
it  is  possible  to  achieve  by  means  of  the  correct  selection  of  the 
cross  sections  of  channel  and  curvature,  of  the  enclosures  of  both  of 
the  a iifci 1/prof lie  itself  and  the  end  walls'  of  channel  (the  impulse 
cascades  of  tne  group  of  and  jet/r eact  ive  gr id/cascad e s from 

meiidian  by  shaping,  see  §§13  and  14). 
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Strict  solution  of  the  problem  of  tip  losses  in  gr ia/cascades 
must  be  based  on  the  three-dimensional  equations  ot  motion  of  the 

viscous  compressible  liquid,  ficuevtr,  by  taxing  into  account  -he 
difficulty  of  this  solution,  it  is  possible,  being  based  on  the 
dimensional  theory  and  on  the  basis  cf  considerations  of  the  physical 

nature  ot  the  secondary  flows,  tc  ccnstiuct  structural  formula  with 
the  numerical  coefficients,  obtained  frc.m  experiment.  This  formula  is 
proposed  in  the  f!PI  [12]: 


c--^v{,+j,[,+»<x)2tr?wfc)-  <<7) 


. Here:  is  the  coefficient,  which  considers  compressibility  effect 

(Fig.  47).  Function  0 (X)  = p2/p,  (pt  and  p2  - density  before  and 

after  yr ia/cascade ) . The  density  ratio  easily  is  replaced  by  the 


relaticn  of  the  dimensionless 


velocities  in  this  form: 
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where  S.  t and  are  dimensionless  velocities  tc  grid/cascado  and 
after  it. 


Values  of  coefficients  of  m,  A and  B are  given  in  Table  7. 


Table  7 shows  that  for  nozzle  cascades  with  meridian  shaping  and 
active  working  grid/cascades  with  divergent-convergent  channels 
coefficient  of  B in  formula  (67)  suust antia  lly  decreases. 


tor  the  approximate,  estimate  ct  tip  losses  in  subsonic  active 
and  jet/reactive  grid/cascades  depending  on  the  angle  of  rotation  of 
flew  with  optimum  ftlt  02,  t ana  M it  is  possible  to  use  the 
generalized  curve/graphs  (fig.  48)  . For:  reentrance  angles,  different 
from  the  optimum,  tip  losses  can  be  estimated  cr  curve/graphs  in  Fig. 
65  (§27)  . 


For  the  same  purpose  serve  some  approximate  dependences  and,  in 


particular,  the  formula  of  TsKTl: 


where  the  ^-1  — (S^)*  ~ *or  r;OZZle  cascades  and  an 

for  running  cascades. 


In  conclusion  recall  that  the  total  losses  in  grid/cascade  are 
equal  to  the  sum  of  the  {.rctile  and  tif  losses: 


C - t,  + U- 
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Cne  of  the  most  important  dimensicnal  cn a t actec ist ics  of 
grid/cascade  is  the  relative  space  t = t/b.  Dating  a change  in  the 
space,  is  changed  velocity  distribution  according  to  airf oil/protile 
and  respectively  the  structure  cf  boundary  layers  and  loss  by 
frict.icn,  change  edge  losses.  Thus,  for  instance,  increase  in  the 
space  leads  to  a decrease  in  the  tractions  cf  edge  losses,  but  from 
another  side  produces  the  bias  cf  the  pcint  of  the  minimum  cf 
pressures  on  the  back  of  a iifc i 1/prof i le  against  flow,  which 
increases  losses  for  friction. 


The.  value  of  the  optimum  space  strongly  depends  on  the  different 
regime  parameters  and,  in  the  first  place,  cn  the  reentranc*-  angles 
and  ilcw  discharge,  Mach  numbers  and  He.  For  the  working  and  nozzle 
cascades,  designed  for  subsonic  speeds  at  the  calculated  reeatrance 
angles,  the  optimum  value  cf  the  relative  space  depending  on  angle  of 
departure  can  be  selected  or  curves  in  Fig.  49,  which  are  constructed 
cn  the  basis  of  processing  numerous  experimental  data. 


During  difference  in  pitch  from  the  optimum  to  evaluate  increase 
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in  the  profile  losses,  one  should  utilize  the  generalized 
experimental  dependence,  presenteu  in  Fig.  50.  Curves  in  Fiq.  49  and 
50  are  valid  only  for  subsonic  speeds.  For  supersonic  pitch-change 
rates  leads  to  a change  in  the  calculated  parameter  t - ratio  cf  the 
exit  section  to  minimum  (see  §§11,  12)  whose  eifect  on  losses  is  more 
substantial! y than  change  in  the  space. 

The  important,  dimensicnal  characteristics  cf  grid/cascade  is  the 
angle  cf  setting  the  a irf  cil/profile  of  A change  in  the  angle 

of  setting  leads  to  a cnange  in  pressure  distribution  according  to 
the  enclosures  or  airfoil/protile.  In  accordance  with  this,  change 
the  pressure  gradients  cn  convergent  aid  diffuser  sections  and  the 
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Fig.  49.  To  the  selection  cf  the  optimum  space:  1 - for  je ’■/react  i ve 
grid/cascades;  2 - for  impulse  cascades. 


Key:  (1)  deg. 


Fig.  50.  Effect  of  relative  space  cn  the  effectiveness  of  the 
grid/cascades:  1 - in  impulse  cascades;  2 - in  jet/reactive 
grid/cascades. 
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Fig.  51.  Effect  of  the  angle  of  setting  airfoil/profile  on  losses  in 
grid/cascades  at  the  subsonic  speeds:  1 - in  impulse  cascades;  2 - in 

jet/reactive  yr id/cascades . 
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Fig.  52.  Effect  of  the  form  ol  hanu/shrcud/ti rt  on  the  distribution 
ct  losses  by  height  of  grid/cascade  during  constant  overla p/ce i 1 ing 
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Fig.  53.  Ftfect  01  teldtive  cv c i Id p/ce i 1 i ng  and  teentrance  angle  tc  a 
change  in  the  losses:  a)  in  jet/reactivt  gt  id/cascades ; b)  in  impulse 
cascades. 
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Consequently,  for  each  grid/cascade  is  a specific  range  of  the 
optimum  angles  of  setting.  It  is  necessary  to  rcte  that  this  range 

depends  on  lattice  spacing.  Effect  a change  in  the  cc  and  p to 

o cJ 

effectiveness  of  grids  can  fce  appL o ximatel y estimated  in  curves  in 

Fig-  51. 


§25.  Account  of  the  effect  of  ever lap/cer 1 i ng  cn  tip  losses  in  nozzle 
and  tunning  cascades  with  variatle  reentrance  angles. 


The  given  in  atlas  aerodynamic  characteristics  of  airfoil 
cascades  were  ottained  at  the  determined  constant  values  of 
cverlcp/ceiling.  For  the  nozzle  (reactive)  yr id/cascades  of 
investigation,  are  carried  cut  with  zetc  overlap/ceiling,  while  for 
active  workers  was  accepted  positive  overlap/ceiling  A = 1.5  mm  (Fig. 
52).  Under  actual  conditions  depending  cn  the  specific  conditions  of 
the  design/pco jocted  step/stage,  the  o ver la p/ce  i 1 ing  can  be  changed 
within  some  limits. 


The  analysis  of  the  ait-load  distributions  according  to  the 
enclosures  of  airfoil/profile  and  the  end  walls  cf  channels  shows 
that  with  an  increase  of  ever la  p/ceil i ng  ir  ccnnection  with  sudden 
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flew  expansion  at  the  entry  into  grid/c ascade  and  the  respectively 
increased  nonunitor rait y of  the  velocity  prclile  ot  velocities  by 
height  grow/rise  the  boundary  layer  thickness  and  tne  transverse 
gradients  cf  pressure.  Ecr  this  reason  are  amplified  the  secondary 
overflowing  and  it  is  observed  an  essential  increase  in  the  tip 
losses.  The  negative  effect  of  overlap/ceiling  especially  strongly 
pronounces  at  low  relative  height/altitude  and  at  the  low  reentrance 
angles  of  flew.  The  effect  of  ever  lap/ceil  i ng  turns  out  to  be  more 
noticeable  at  supersonic  speeds. 

To  evaluate  the  effect  of  relative  eve rla p/cei ling  at  different 
reentrance  angles  to  the  effectiveness  of  tbe  rczzle  cascades, 
designed  for  subsonic  speeds,  it  is  possible  tc  use  curve/giaphs 
(Fig.  53a)  . The  effect  ot  ever  la p/cei 1 i ng  cn  losses  at  active  running 
cascades  is  estimated  according  to  curve/graphs  (Fig.  53b)  . 
Curve/graphs  on  Fig.  53  ace  constructed  for  the  determined  relative 
height/altitudes,  with  a change  in  altitude,  tie  traction  of  losses 
ot  overlap/ceiling  will  be  changed.  The  corresponding  corrections  are 
introduced  on  the  curves  ot  Fig.  54. 


I 


Taking  into  account  that  the  overlap/ceiling  is  unavoidable,  one 
should  approach  a decrease  in  its  negative  efftet. 
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For  the  jet/reactive  and  impulse  cascades  ct  this  it  is  possible 
to  attain  with  use  ct  ccnical  band/shroud/tir es,  which  make  it 
possible  to  decrease  the  intake  ove  r la  p/ce  i li  ng  down  to  the  minimum 
value.  In  impulse  cascades  it  is  possible  tc  apply  the  curvilinear 
band/shroud/tires,  rounded  off  at  entry.  Fig.  52,  depicts  the  test 
results  of  the  impulse  cascade  of  H-2617A  with  the  various  forms  of 
tand/shroud/tire.  As  can  be  seen  from  curve/graphs  (see  Fig.  52),  the 
presence  of  oblique  oa nd/s hroud/t i re  ana  especially  band/shroud/tire 
with  the  smooth  rounded  off  entry  it  leads  to  a considerable  decrease 
in  the  tip  losses. 

§26.  Effect,  of  fanning  on  the  distribution  of  losses  according  to  the 
height/altitude  of  circular  gr ld/cascades . Account  of 
slope/incl ination  and  curvature  of  blades  in  racial  plane. 

The  total  losses  in  circular  grid/cascades  ate  not  equal  to 
losses  in  the  lattices  of  the  same  relative  height/altitude.  This  is 
connected  first,  of  all  with  change  relative  space  by  height  of  blades 
(with  constant,  chord).  However,  even  with  retention  of  the 
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constant/invariable  relative  sface  cf  less  in  the  peripheral  cross 
sections  of  circular  grid/cascades  somewhat  decrease  in  comparison 
with  direct/straight  9 r i d/cascades , and  in  coct  cross  sections 
sharply  they  grow/rise.  A decrease  in  *he  losses  in  peripheral  cross 
sections  is  connected  with  the  compression  cf  flow  to 
tarid/shroud/tire  by  centrifugal  forces.  This  leads  to  the  fact  that 
the  flow  along  the  length  cf  channel,  including  in  skew  sh^ar,  occurs 
with  accelerating  pressure  gradients.  Ecundary  layer  on 
tand/shroud/tire  and  on  the  enclosures  cf  channel  fine/thin.  The 
intensity  of  the  secondary  overflowing,  connected  with  *he  transverse 
gradients  cf  pressures,  is  low. 
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Fig.  55.  Effect  of  fanning  and  height/altitude  cn  losses  in 
citculaL  nozzle  cascades:  1 - t = cent.;  2 - t = const;  3 - 
t lade . 
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The  basic  reasons  the  for maticn/educa t ion  cf  the  increased 
losses  in  root  cross  sections  is: 


1)  accumulation  of  the  lower  band/shroud/t ire  of  the  stagnation 
liquid,  which  flows  in  boundary  layer  ard  in  edee  wake  under  the 
effect  of  radial  pressure  gradient; 


2)  the  solid  angle,  formed  by  the  tack  or  a irf oil/prof ile  and  by 
the  cylindrical  band/shroud/tire  whose  flow  about  leads  to  the 
cverexpansion  of  flow  with  the  subsequent  braking,  or  at  supersonic 
speeds  to  the  emergence  of  the  system  cf  jumps; 


3)  the  fluid  friction  against  end  walls; 


4)  the  secondary  flows  along  tand/shreud/t ire  and  the  back  of 
a it f o i 1/ptcf ile , caused  by  the  transverse  gradients  of  pressure  in 
vane  channel. 


In  the  very  low  relations  of 


« » v / 


in  diffuser 


range  under 
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the  action  of  centrifugal  forces,  the  flow  can  te  detached  away  from 
sleeve. 


Cn  the  basis  of  the  theoretical  calculations  arid  experimental 
results  ot  the  studies  of  circular  and  direct/straight  nozzle 
cascades  with  angles  ij  - 12-18°,  is  constructed  the  curve/graph 
(Fig.  55),  which  makes  it  possible  to  appr c xi ma tel y estimate  a change 
cf  the  losses  in  y rid/cascades  witn  change  //d  and  t/b.  With  a r. 
increase  i/'d , occurs  a considerable  increase  in  the  losses  in 
circular  grid/cascade  in  comparison  with  straight  line.  An  especially 
intense  increase  in  the  losses  is  observed  at  lew  relative 
height /altitudes. 


Gtid/cascade  tests  with  a it  er  riat  ing/v  a r i a 1 le.  chord  (t  = const) 
show  that  an  increase  in  the  losses  in  this  case  is  is  less  intense 
(twisting  2)  . To  a lesser  degree  cf  loss,  gtow/rise  in  circular 
grid/cascades  during  the  appl icat icn/use  cr  a special  shaping 
(irclined  and  curvilinear  tlafle)  [43].  The  presence  of  rotor  whet-1 
can  change  the  character  ot  the  distribution  of  losses,  since  occurs 
the  acceleration  of  flow  and  the  parameters  by  height  after  rotor 
wheel  they  are  equalized,  breakaway  is  localized.  Furthermore,  the 
streamline  curvature  after  nozzle  cascade  and  respectively  th« 
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distribution  of  losses  depends  on  the  relationship/ratio  of  the  areas 
ct  working  A F ^ and  nozzle  Z)F„  ct  grid/cascades  over  cross  sections. 


! 


For  a decrease  in  the  losses  in  root  cross  sections,  it  is 

expedient  to  apply  the  sloped  nozzle  blade,  which  adjust  flow  to  root 

cress  section  (Fig.  56b).  The  angle  of  the  slope  of  77^  one  should 

1 r 

select  not  more  than  10°.  Kith  decrease  9,  the  slope  angle  decreases. 
For  9 i*s>  .3,  7 - 3-4°.  when  the  expa r s ior./ 1 i sclcsur e ot  flow  area 

is  present,)  conical  band/s  iroud/tire)  and  the  respectively  increased 
losses  rr.  peripheral  cress  sections  it.  is  necessary  to  perform  Dlades 
curvilinear  (Fig.  56c) , that  ensure  the  ccnpression  of  flow  both  to 
the  root  enclosure  and  tc  peripheral.  As  ar:  example  in  Fig.  57a  is 
presented  the  distribution  of  losses  by  height  for  the 
r adia 1-est a bl is  hod/  insta 1 led  (1),  inclined  (2)  and  curvilinear  (3) 
Hades . 


r. 

IL" 


> 

$ 


For  curvilinear  blades  the  slope  angle  in  toot  cross  sections 
one  should  select  according  tc  formula 
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. In  peripheral  sections  the  angle  is  computed  cn  equation 

y.  > r.  — * *rc  ig 

•* 

where  the  <«;  t space  in  root  and  upper  cress  sections; 

O. 

- the  value  of  exit  section  of  vane  channel  in  the  upper  cross 
section; 


is  an  expansion  angle  of  flew  area  of  the  grid/cascade; 
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- a radius  ct  grid/cascade  cf  sleeve  and  periphery. 


The  radii  of  curvature  of  the  generatrices  of  blade  are 
detetained  frcm  foraula 


R 


. The  application/use  cf  inclined  and  curvilinear  blades  leads 

to  a substantial  change  in  parameter  distribution  by  height  of  blades 
in  comparison  with  r adi  al-t-stablis hed/i  rsta lied  . If  one  assumes  that 
the  losses  by  height  of  blades  and  angle  at  are  constant.,  then  speed 
distribution  along  a radius  it  is  possible  to  calculate  according  to 
formula  [43] 
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the  efficiency  of  nozzle  cascade. 


FOOTNOTE  *.  Formulas  (71)  - (74)  are  obtained  together  with  engineer 
Van  Clzhun-tsi.  ENDFOOTNOTE 
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Foe  inclined  blades  (R  = ») 


H f •f»  »in  tai'a  %in  v»*|. 
* 4/1 


I™) 


The  reaction  in  arbitrary  cross  section  is  determined  frem 


formula 


<t  i (i  v.)  ( ‘ ) a?a  . <7«> 


hhere  the  - degree  ot  the  reaction  in  ct  root  section 


The  slofe/inclina  t ion  ot  blades  due  tc  flc*  leads  to  a decrease 


in  the  radial  pressure  gradients  and,  corresponding,  the  reaction. 

The  application/use  ot  curvilinear  tlades  irakes  it  possible  to  obtain 
the  virtually  arbitrary  character  ot  the  distribution  or  reaction  by 
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height  of  grid/cascades.  Fig.  57fc,  gives  the  approximate  character  of 
a change  ir  the  reaction  for  three  gtid/cascades;  with 
radial-established/installed  1,  with  inclined  2 and  with  curvilinear 
3 blades. 


€27.  Effect  of  the  slo pe/ incl i ration  of  band/shroud/tires 
(expansion/disclosure  of  flew  area)  to  the  effectiveness  of  nozzle 
and  running  cascades. 


In  the  practice  of  the  design  of  turbines,  unavoidably  it  is 
necessary  to  apply  inclined  fca rd/shro ud/ ti res  fceth  in  the  last/latter 
step/stages  of  steam  and  gas  turbines  and  in  step/stages  with  the  low 
altitudes  of  blades.  In  the  nozzle  circular  grid/cascades,  which  have 
the  wide  expansion  angle  of  flew  area  and  diffuser  at  entry  before 
the  grid/cascade  (Fig.  5H) , losses  turn  cut  tc  te  those  which  were 
increased. 
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height/altitude  (b)  on  losses  in  the  nczzle  ciLculac  grid/eascade 


radial  blades;  2 - curvilinear  blades 
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Fig.  60.  Effect  of  the  expansion  angle  (a)  and  cf  relative 
height/altitude  (b)  on  losses  in  active  circular  gr id/cascades  at 
different  reentrance  angles. 

Key;  (1)  deg. 
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Fig.  6 1.  Effect  of  roughness  and  Re  number  on  losses  In  jet/reactive 

gt id/cascade. 


Key:  (1).  Polished 
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This  is  explained  by  diffuser  flow  in  space  dckn  to  gr id/cascade,  by 
a decrease  in  the  convergence  of  vane  channels  in  skew  shear  and 

after  grid/cascade.  The  basic  shape  factors,  which  affect  losses  ir. 
peripheral  cross  sections,  are:  the  expansion  angle  of  flow  area 
(angle  of  taper)  of  aaaa  ard  the  length  of  the  diffuser  before 
grid/cascade  B1.  To  the  losses  they  affect  and  ether  parameters:  the 
allanite  of  blades  B,  the  form  cf  vane  channel,  reentrance  angles  a0 
(0.)  and  output/yielil  at  (P2)  of  flow,  the  height/altitude  and  the 
chcrd  of  blades. 


Fig.  58,  gives  the  distribution  of  losses  by  height  of  circular 
grid/cascades  with  the  expansion  angles  or  the  upper  band/shro ud/tire 
cf  — 0*  and  'O^-VC1*'  (6-  2.42;  Q = 4.5);  the  losses  in 
grid/cascade  with  the  conical  band/shroud/t ir e cf  CV-  VC*)  grow/ rise 
not  only  of  periphery,  tut  alsc  on  an  entire  span  of  the  blade.  The 
total  losses  increase  from  5.5  to  8.3o/c. 


For  the  target/purpose  cf  a decrease  in  the  losses,  produced  by 
the  ccnicity  cf  the  upper  enclcsuLe,  are  applied  the  increased  axial 
size/dimensions  of  diaphragms  (increased  width  cf  blades),  special 
curvilinear  blades,  the  torsion  of  flow  on  entry,  etc.  Curvilinear 
blades  adjust  flow  not  cnly  to  root,  but  also  the  apex/vertex  of 


DOC 


= 76071693  PAGE 

fclades,  which  decreases  the  tit  losses  (is  curve  3 in  Fig.  S3)  . With 
an  increase  of  tne  angle  ct  the  slope  ct  the  fca nd/shroud/tire  of 
V , the  effect  from  the  application/use  of  curvilinear  blades 
increases  (Fig.  59a). 

For  the  approximate  estimate  of  losses  in  circular  gr id/cascades 
with  opening  of  the  flow  area  with  9 rsf  3-5  without  inlet  diffuser 
(Bj  = 0)  it  is  possible  to  use  the  curve/graphs,  presented  in  Fig. 

59L . 

The  effect  of  the  ccnicity  of  band/shroud/tire  on  losses  in 
active  type  running  cascades,  designed  at  angles  of  rotation  Ap  = 
150-120°,  can  be  estimated  on  the  curve/graphs,  presented  in  Fig. 

60a.  With  a decrease  in  the  reentrance  angle  cf  flow,  the  fractional 
losses  of  C/G0  (where  (0  is  less  factor  in  the  grid/cascade  of  of 
\)  ■=  O ) grow/rise  especially  intensely,  which  is  connected  with  an 
increase  in  the  diffusivity  ct  channel.  The  dependence  of  losses  on 
the  angle  of  taper  of  band/shmud/t ire  (Fig.  6Ca)  is  given  for  a 
relative  height/altitude  l = 1.2.  The  effect  cf  relative 
height/altitude  and  angle  cf  aaaa  at  the  optimum  reentrance  angle  Pj 
is  estimated  according  to  curve,  given  in  tig.  60b.  Data  given  in 
tig.  60,  are  related  to  lattices.  For  circuiar  cunning  cascades  the 


effect  of  inclined  tan d/staroud/tire  will  be  soiewhat  different,  since 
because  of  the  compression  cf  flow  to  periphery  (with  small 


reentrance  angles)  wall  occur  the  redistr ibuticn  of  energy  losses  by 
height:  cf  band/shr cud/tire  the  losses  somewhat  decrease,  and  in  root 
section  they  grow/rise;  the  tctal  losses  decrease. 


§28.  Effect  of  roughness  and  technological  defects  on  the 
cost-effectiveness/efficiency  cf  grid/cascades. 

Procedure  for  the  performance  calculation  cf  grid/cascades 
presented  and  experimental  data  given  in  atlas,  are  related  to  the 
aerodynamic  smooth  surfaces  of  blades.  Investigations  show  that  in 
operation  the  surface  roughness  substantially  increases  as  a result 
of  corrosion  and  ercsion  of  blades,  and  also  as  a result  of  the 
deposit  of  salts. 
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introduced  the  relative  roughness  cf  *«  - {*•• 

The  profile  and  total  losses  in  grid/cascades  grow/rise  with  an 

increase  in  the  relative  roughness.  Cf  the  flow  about  the  aerodynamic 

smooth  surfaces  the  coefficient  of  profile  losses  decreases  with  an 

increase  of  Reynolds  number  and  in  logarithmic  coordinate  this 

dependence  approximately  is  depicted  as  inclined  straight  line  [20] 

lm  t„.  / dm  Rq>  ) 

(fig.  61).  The  position  of  straight  line/\depe nds  on  the  type  of 
grid/cascade,  reentrance  angle  of  flow,  turbulence  level  and  other 
parameters  of  those  affecting  C., 

For  a grid/cascade  it  is  possible  to  note  three  characteristic 
*cde/ccnditicns  of  flow,  with  low  Fe,  when  the  thickness  of  the 
internal  part  of  boundary  layer  with  the  high  velocity  gradients  of 
velocity  considerably  exceeds  medium  size  cf  the  projections  of 
roughness,  the  latter  does  not  affect  losses  in  the  grid/cascades: 
the  surfaces  of  blade  can  be  considered  as  aer cdy namica lly  smooth. 
With  increase  in  Re,  part  of  boundary  layer  near  the  wall  and  entire 
layer,  is  thinned,  and  the  proainence/protuter anccs  of  roughness 
gradually  emerge  in  the  exterior  of  the  layer  where  their  flow  occurs 
at  high  speeds  and  is  accompanied  by  flew  separations  and  by  vortex 
formations. 
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Table  8. 


C.I  ^ Cncummm*  noarpiaocTa 

YtJ 

■ luytw  MMm 

C C?  ).lo«MTal 

• MI5I 

oo 

, CpciNim  swccrra  mxrynnm  wgpovmawcr*  **. 

n mm  ...  .... 

o.noi  -o.ooi 

o.mi.  o.raf< 

0.01  0.01 

o.oi5  - o.aw 

| (»  ' A*WTU 
I rvy4<Ka  *a*vu  1 

Vlowataa. 

0.05 — 0.35 

o.  I0-0  4O 

Key:  (1).  State  of  surface  cf  blades.  (2).  Polished  and  ground 

blades.  (3)  the  milled  and  pulled  blades.  (4)  . Corroded  surfaces  of 
blades.  (5).  Blades  of  precision  castirg.  (6).  Elades  of  rough 
casting.  (7).  Blades,  carried  by  salts.  (8).  The  medium  altitude  of 
the  projections  of  the  roughness  ct  aaaa  ir  mm. 
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fig.  62.  Effect 
shrouded  rotor 
diaphragm;  2 - 


of  the  method  cf  the  manufacture  of  diaphragms  and 
wheels  cn  losses  in  the  gric/cascades:  1 - welded 
setting  fully-milled;  3 - shrouded  rotor  wheel. 
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In  this  case,  sharply  grew/rises  the  intensity  cf  turbulence  and  loss 
to  boundary-layer  friction,  profile  losses  with  increase  in  Re  they 
grow/rise.  Such  mode/conditions  one  should  consider  as  the  transfer 
to  mode/conditions  flows  with  the  developed  roughness,  which  are 
characterized  by  the  independence  of  from  Be  - mode/conditions 

automcdel  according  to  Be  number. 


The  comparison  of  lines  in  Fig.  61  shows  that  the  beginning  of 
transfer  to  the  zone  of  self-similarity  depends  substantially  on  the 
downstream  pressure  gradient,  initial  turbulence  level  of  flow, 
reentrance  angle  etc.  These  parameters  affect  also  the  extent  of 
transient  condition. 


The  available  experimental  data  are  insufficient  for  the 
development  cf  the  reliable  method  of  calculation  of  takrng  into 

account  roughness.  The  approximate  estimate  of  the  effect  of 
roughness  can  be  obtained  by  the  calculation  of  the  momentum 
thickress  of  trailing  edges  with  different  roughness. 


Another  procedure,  developed  ty  G.  A.  Zal't,  entails  the  use  of 


an  empirical  formula 


• A great  effect  on  losses  in  grid/cascades  has  technology  of  the 

manufacture  of  step/stages.  It  is  logical,  to  consider  all  the 

: i 

possible  technological  deviations  and  the  effect  of  the  different 
methods  of  manufacture  impossibly.  Therefore  here  are  given  data, 
that  evaluate  the  effect  crly  cf  the  mcst  iupcrtant  and  most 
frequently  being  encountered  methods  of  the  manufacture  of  diaphragms 


(welded  and  setting  entire- it i 1 led)  . 
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At  the  low  relative  height/altitudes  of  nozzle  blades,  form  of 
kand/shroud/tire  and  technology  of  manufacture  especially  strongly 
affect  losses  in  grid/cascades  (Fig.  62).  Curing  the  applicaticn/use 
of  welded  diaphragms  an  increase  in  the  losses  in  comparison  with  the 
circular  grid/cascade  of  similar  geometry  (kand/shroud/tire  is 
fulfilled  just  as  in  lattices)  it  is  possible  tc  estimate  in  curve  1, 
and  dependence  of  an  increase  in  the  losses  in  diaphragms  with 
setting  blades  - in  curve  2.  For  active  type  rctcr  wheels  with 
kand/shroud/tires,  the  evaluation  of  an  increase  in  the  losses  in 
comparison  with  lattices  can  be  produced  on  curve  3 (Fig.  62). 
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Chapter  IV. 


EFFECT  OF  THE  REGIME  PAFAMETERS  ON  THE  EFFECTIVENESS  OF 


^CASCADES. 
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§29.  Beentrance  angle  of  flew  into  nozzle  and  running  cascades. 
Calculation  of  losses  at  eff-design  reertrar.ee  angles. 


For  the  calculation  of  the  varying  lead  of  the  step/stages  of 

steam  and  gas  turbines,  it  is  necessary  to  knew  the  effect  of  the 

reentrance  angle  of  flow  into  nozzle  ar.d  running  cascades  to  losses 

in  them.  For  the  airfoil/prefiles,  designed  fer  6 < especially 

J 'P 

adverse  are  the  mode/conditions  with  lew  reentiance  angles  (0,  < 

95°),  when  at  the  intake  section  of  tack  appears  noticeable  diffuser 
section.  For  airfoil/prefiles  from  /^‘'ncre  adverse  turn  cut  to 

be  the  mode/cenditions  with  wide  reentrance  angles  (0t  > 140°)  . 

Curing  the  deviation  of  the  reertrance  angle  of  flow  from  the 
calculated,  change  the  ait-loaa  distributions,  according  to 
airfoil/prefile,  appear  the  diffuser  sections,  in  extent/elongation 
cf  which  intensely  increases  the  boundary  layer  thickness,  and  in 
certain  cases  appears  flew  breakaway.  As  an  exaaple  Fig.  63,  gives 
the  curve/graphs  of  profile  pressure  distribution  of  jet/reactive  and 
impulse  cascades  during  the  optimum  spaces,  the  angles  of  setting  and 
Hach  numbers. 
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The  theoretical  calculation  of  profile  losses  at  the  alternate 
angles  of  entry  is  hinder/hampered,  since  tc  flew  pattern  in  the 
grid/cascade  witn  variable  o0  (£j)  affects  the  large  number  of 
geometric  a. id  regime  parameters;  the  relative  space  t,  the  tor?  and 
the  thickness  of  entering  edge,  the  degree  cf  the  convergence  cf 
channel,  the  geometric  rtentrar.ee  angles  of  and  outpu  t./yi  eld  of 

the  A of  Mach  number  and  Re,  etc.  Fct  the  approximate  estimate  of 

fzn 

losses  at  otf-desigr  angles  a0  (£,)  it  is  possible  to  use  formula 
[46] 


u 22  ( f,n  'in  p 


*m  fl,  sin  JV 


’ )• 
**n  ' 


(7(.i 


where  of  the  - the  factor  of  minimum  less  in  the  grid/cascade  of 

cf  ..  and  *mm 


Taking  into  account  that  the  minimum  losses  in  the  gr id/cascades 
cf  correspond  to  the  optimum  reentrance  angles  of  Pi  — 

differing  from  the  geometric,  on  Fig.  64  is  given  the  curve/graph. 
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which  shows  the  deviation  of  the  optimum  rftnttance  angle  of 
from  geometric  . For  grid/cascades  from  the  minimum 

losses  prove  to  be  with  *y>t  > jS,  , while  for  the  >//^<pwith  of 

h<h*‘ 


on  on 


It  should  be  noted  that  at  supersonic  speeds  the  dependence  of 
losses  on  reentiance  angle  can  considerably  differ  from  that  which 
was  indicated. 


For  the  calculation  of  losses  it  is  possible  to  us“  also  by 
ether  formulas  [27;  J8  ],  from  which  most  precise  is  formula  [IS] 


i «(*'"£•  V c(  *•"'1' 

V sm  fl,  / \ tin  pi  sin  p,,  / 


(771 


where  A = (0.4-0. 6;  b;  C = 0.265;  B = C.058. 


The  basic  disadvantages  of  formulas  (76)  and  (77)  lies  in  the 
fact  that  they  do  not  consider  the  effect  ct  space  and  Nach  number 
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Frcm  experiment  it  is  known  that  with  decrease  with  a decrease  in  the 
relative  space  the  effect  of  off-design  reentrance  angle  decreases. 
With  a decrease  in  the  reentrance  angle,  the  optimum  value  of  Nach 
number  increases. 


For  the  approximate  estimate  of  profile  losses  at  the  alternate 
angles  of  entry  it  is  possible  tc  use  also  curve/ graphs  (Fig.  65a) . 
Curve  1 is  constructed  according  to  experimental  data  tor  impulse 
cascades  to  the  wide  angles  of  rotation  of  flew  A0  - 150-120°.  Curve 
2 characterizes  a change  cf  the  profile  losses  in  jet/reac  t i ve 
grid/cascades  with  large  radir  of  the  rcurding  cf  entering  cdg^. 
Curve;  3 - tor  the  peripheral  cross  sections  of  the  rotor  blades  of 
large  fanning,  designed  at  angles  of  entry  = 140-160°. 


Especially  strongly  affects  reentrance  angle  to  tip  losses  in 
grid/cascades,  which  is  connected  in  essence  with  a change  of  the 
transverse  gradients  of  pressure  in  charnels  and,  correspondingly,  by 
the  intensity  or  secondary  currents,  on  the  basis  of  experimental 
data  for  jet/reactive  and  impulse  cascades  in  Fig.  65b,  have  been 
constructed  growth  curves  in  the  tip  losses  of  the  £ K in  comparison 
with  tip  losses  at  the  calculated  reentiance  angle  of  5.  for  the 

different  angles  of  rotation  of  flow  in  grid/cascade  A£  = 180°  - 
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AP  mo  — <(>,«,«,  0,i  Curves  1,  2 = 120-  150°)  arc  related  to  working 

iafulse  cascades,  3,  4 - tc  nozzle  cascades  with  low  reentrance 
angles  ever.  5 to  nozzle  jet/reactive  grid/cascades  with  a large 
radius  the  rcundings  of  entering  edge  and  - 70°. 


hi 


> 
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Fig.  66.  Effect  of  Re  nuirfcet  on  the  Fictile  losses:  1 - in  impulse 
cascades;  2 - in  jet/reactive  gLid/cascades. 


§3G.  Reynolds;  numoer  effect  and  com  pressii  i lity  (Mach  numbers)  to  the 
characteristics  of  turbine  grid/cascades. 

i 


[i 

The  given  in  atlas  characteristics  of  grid/cascades,  as  a rule, 
are  obtained  during  a simultaneous  change  in  Mach  numbers  and  Re, 
which,  it  is  natural,  it  impedes  the  evaluation  of  losses  in 
grid/cascades  at  other  values  of  tne  mcst  important  regime 


parameters.  In  connection  with  this  for  practical  calculations,  it  is 

It 

necessary  to  have  characteristics  which  would  nake  it  possible  to 
consider  theseparate  effect  of  Pe  numbers  ar.d  M. 

The  character  of  a charge  cf  the  losses  in  grid/cascades  and  of 
the  flow  exit  angles  from  Pe  number  to  a considerable  degree  depends 
cn  gecmetric  dimensions  (convergence  and  curvature  of  the  enclosures 
of  channels,  the  thickness  cf  trailing  edge,  the  form  of 
airtcil/prof iie , roughness)  and  the  regime  parameters  (reentrance 
angle,  turbulence  level,  Mach  number)  *. 

J 
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FCCTNOTE  >.  The  eftect  of  Pe  number  is  partially  examined  in  §28. 
ENDFCCTNOTE. 


Consequently,  the  effect  of  Re  number  cn  aerodynamic 
characteristics  of  grid/cascades  is  necessary  tc  examine  is  separate 
for  the  determined  intervals  ol  values  cf  Mach  numbers,  of  turbulence 
level  E0 , and  also  for  the  different  groups  of  grid/cascades  ( A ) B and 

c)  . 

At  the  present  time  the  greatest  number  cf  experimental  data  is 
obtained  for  subsonic  speeds  (f!  <:  0.4)  with  lew  turbulence  levels  (F0 
^ /- 7.0/0)  , when  effect  cf  compressibility  can  Le  disregarded. 

i\ 

■\ 

Curing  subsonic  (M  ^ 0.4)  nonseparated  flew  with  an  increase  of 
Be,  picfile  ami  tip  losses  in  grid/cascade  continuously  decrease, 
particularly  intensely  in  zene  low  Pe  (for  airf cil/protiles  with 
relatively  fine/thin  trailin'  edge).  With  increase  in  Re,  is  thinned 
a boundary  layer,  a range  cf  the  transfer  cf  a laminar  layer  to 
turbulent  is  displaced  against  flow  it  increases  the  filling  of  the 
velocity  profile  of  velocity  in  the  turbulent  section  of  a layer.  The 
shift  of  the  range  of  transfer  decreases  the  intensity  of  a 


T 

j 


i 
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reduction/descent  in  the  losses  with  an  increase  of  He;  however,  the 
beginning  cf  zone  of  virtual  sel f- simi la ri t y for  such  grid/cascades 
is  shift/sheared  to  the  side  large  Rt».  > (6+io>  io»  Angle  of 

departure  frcni  grid/cascade  continuously  decreases  with  an  increase 

Cf  Re  C Rt_ 


Is  especially  great  the  effect  of  Be  number  on  losses  and  the 
flew  exit  angle  during  the  detached  flew  cf  back  and  for 
aitf cil/prcf iles  with  the  relatively  thick  trailing  edge  when 
breakaway  on  back  or  on  edge  occurs  tc  the  transition  point  of  a 
laminar  layer  to  turbulent.  In  this  case  with  increase  in  Re,  occurs 
the  agitation  of  a layer  in  breakaway  zene  and  breakaway  is  displaced 
along  the  flew:  losses  sharply  decrease.  The  beginning  of  the  zone  of 
practical  selr-sim i lar ity  according  to  Re  number  depends  on  many 
gecmetric  and  regime  parameters.  Specifically,  with  growth  of  initial 
flow  turbulence  and  by  a decrease  in  the  reentrance  angle  of 
p,  < p„  the  value  of  •*».«.  decreases. 


For  the  aerod ynamically  ideal  nozzle  and  running  cascades  with 
low  initial  turbulence  level  E0  = 0.5-1.5o/c  and  subsonic  speeds  of 
flew  (fl  = 0. 3-0.5)  the  approximate  estimate  of  the  ettoct  of  Re 
number  can  be  produced  on  the  curve/graphs,  given  in  Fig.  66  (where 
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the  rJLm,  - the  ratio  c£  the  coefficient  ct  energy  losses  of 
alter  rat ing/variable  Re  to  the  coefficient  cr  the  losses  of  of 


The  effect  of  the  form  ct  a ir f oil/ prcf iles  on  the  behavior  of 
the  coefficients  of  energy  losses  and  the  beginning  of  *he  zone  of 
self-similarity  of  variable  values  of  Mach  numbers  and  Re  is  given  in 
Fig.  67,  68  and  69.  The  detailed  study  cf  the  jet/reactive 
airfoil/profile  of  group  A (S-9012A)  with  the  different  thicknesses 
cf  trailing  edges  (Fig.  67)  they  showed  that  at  subsonic  speeds  the 
zene  of  practical  self-similarity  according  tc  Re  number  begins  with 
Re-.  ^ (6+9)  in*.  With  growth  of  M number  in  supersonic  range  (M  > 1) 
the  value  of  R'—  grow/rises.  For  the  nozzle  cascade  of  group  a. 

that  has  the  geometric  parameters:  t = 0.62  ct,  . = 12°,  f = 1.07,  a 

L s d 

change  in  the  coefficients  ct  profile  losses  from  Mach  number  of  the 

different  Re  numbers  is  shewn  in  Fig.  66.  As  for  the  airfoil/profile 

cf  group  A,  with  an  increase  of  Mach  nunber,  the  value  of 

grew/rises.  Importantly  tc  note  also  ether  feature  in  the  behavior  of 

the  curves  of  during  testing  this  grid/cascade:  with  a decrease 

in  Re  number,  decreases  the  value  of  the  optimum  number  of  My 

2 m it) 

Thus,  tor  instance,  with  Re  = 7*19*  M a with  Re  = 2.H»105 

i 0 r>  m 

ML  = 1.45.  This  is  connected  with  the  fact  that  during  deer  case  in 

lonot 

Re  increases  tne  boundary  layer  thickness  ir.  the  exit  section  of 


r 


i 
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channel  and  with  respect  decreases  the  teal  relation  ot  / 


For  the  airfoil  cascade,  which  corresponds  to  the  upper  cress 
secticns  cf  long  blades,  the  dependence  of  % n p ou  80  an<*  *w‘  *ias 

similar  character.  This  grid/cascade  is  carried  out  with 
constrictions  and  with  the  large  relative  space  t = 0.895.  Calculated 


reentrance  angle  of  the  flew  ot  ^ * he  angle  of  departure  of 

/3„  r^/Ve-  The  loss  fa< 

M are  given  in  Fig.  69, 


*P 

/3  =/^ e.  The  loss  factors  in  this  grid/cascade  depending  on  Be  and 

J J2.3/ 


With  constant  Be  the  compressibility  effect  (lach  number)  for  B 
< 0.8,  turns  out  to  be  insignificant  (for  grid/cascades  of  group  A). 
However,  with  increase  in  K , profile  losses  somewhat  descend,  lip 
losses  in  nozzle  and  running  cascades  in  sutscric  range  with  an 
increase  of  M also  descend.  A noticeable  increase  in  the  losses  is 
noted  in  transonic  zone  (B  > 0.9) . The  further  rise  in  i brings  to  a 
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Fig.  69.  Dependence  ot  profile  losses  ir.  the  giid/cascade  of  the 
upper  cross  section  of  long  tlade. 


Fig.  70.  Effect  of  Mach  nuirter  on  profile  lcsses  in  the  active  and 
jet/reactive  grid/cascades : 1 - the  grid/cascade  ot  group  A;  2 - the 
grid/cascade  of  group  B;  3 - the  grid/cascade  cf  group  & C. 
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fiq.  71.  Effect  of  turbulence  level  on  profile  1,  2 and  end  3 
loss  for  jet/reactive  2,  5 anti  active  1,  3,  4 q rid/cascade s . 
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he  calculation  of  eddying  effect  in  the  different  >1ach 


number 
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for  a group  & (back  with  re  verse/ inverse  concavity,  the  being 
expanded  vane  channels)  the  effect  of  f'ach  uumber,  it  turns  out  to  be 
different.  The  minimum  losses  are-  observed  in  narrow  calculated, 
supetscnic  zone,  and  maximum  - at  transonic  speeds. 


For  the  approximate  estimate  ot  effect,  flach  numbers  cn  profile 
losses  in  active  and  jet/reactive  grid/cascades  are  given  to  the 
graph  (Fig.  70)  of  the  minimum  losses  in  the  grid/cascades,  specially 
profiled  to  the  different  optimum  f*,ach  numbers.  In  this  same  Fiq.  70, 
ate  given  curved  changes  ir.  the  losses  during  deviation  from  M tor 

enm 

grid/cascades  with  different  geometric  parameters. 


§31.  Effect  of  flow  turbulence  cn  profile  and  total  losses  in  nozzle 
and  tunning  cascades. 


The  given  in  atlas  aerodynamic  characteristics  of  airfoil 
cascades  were  obtained  in  wind  tunnels  with  the  low  turbulence  levels 
cf  the  incident  flow  (E0  = 0.01-0.02).  The  flew  in  the  step/stage  of 
turbine  is  characterized  by  hiqh  turbulence.  The  measurements, 
manutact  ured  in  different  step/stagos,  they  shewed  that.  ir. 
intermediate  ste'p/stages  the  turbulence  level  reaches  values  E q - 
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18-35o/o.  Under  turbulence  level  E0  in  this  case,  is  understood  the 
ratic  cf  the  average  quadratic  pulsating  speed  Ac  to  the  average  rate 
of  flew  c (see  §2)  : 


£. 


. Taking  into  account  that  the  pulsations  are  observed  in  all 

three  directions,  for  a turbulence  characteristics,  they  find 
arithaetic  moan  rrom  the  mean  effective  values  cf  constituting 
pu Isa  tions. 


Numerous  experimental  data  show  that  a charge  in  the  turbulence 


level  leads  to  the  shift  of  the  zone  cf  the  transfer  of  laminar 
boundary  layer  to  turbulent  on  lairing  and  thereby  affects  the 
resistance  of  a ir f c 1 1/pr cf i le . 
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It  should  be  noted  that  an  increase  in  the  turbulence  level 
differently  affects  the  charact er ist ics  of  the  tad ly/poorl y and 

streamline  profiles  [2;  30;  4]. 


Is  at  present  a limited  amount  of  the  ex  peri  mental  data,  which 
show  the  effect  of  turbulence  level  on  the  effectiveness  of  turbine 
grid/cascades.  The  available  data  are  related,  in  essence,  to  nozzle 
and  working  impulse  cascades,  designed  tor  subsonic  speeds. 


For  the  calculation  of  profile  and  total  losses  in  turbine 
grid/cascades  at  different  values  t0  Fig.  71,  gives  curve/graphs, 
construction  on  the  basis  of  processing  experimental  these  different 
organizations  [2;  30;  4],  Ihe  evaluation  of  eddying  effect  on  profile 
losses  for  working  impulse  cascades  is  conducted  on  curve  1,  and  for 
jet/reactive  - on  curve  2.  The  change  of  tit  tip  losses  depending  on 
turbulence  is  determined  for  running  cascades  with  wide  angles  of 
rotation  (Ap  ISO0)  according  to  curve  3,  and  for  A0  j fc?  120°  - on 
curve  4.  For  jet/rcactive  grid/cascades  tip  losses  with  an  increase 
in  turbulence  somewhat  decrease  (is  curve  5). 


Given  in  Fig.  71  correction  curves  are  constructed  for  the 
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The  calculation  of  losses  with  increased  turbulence  of  t,  p is 

performed  as  follows:  cn  known  profile  and  tip  losses  in  grid/cascade 

50  with  low  degree  of  turbulence  (E0  = 1-2c/o)  and  Mach  number  - 0.5, 

taken  from  atlas,  and  to  correction  factor  K!  (see  Fig.  71)  find  the 

losses  of  the  : 

h c 

U.  - K, C. 


. During  a change  in  Mach  numter  in  value  P-0.5/0.5,  is 

determined  the  correction  A: 


constant  values  of  Mach  numter  = 0.5  and  Re  = fc.7«105.  In  other 
values  of  Re  and  M , the  eddying  effect  turns  cut  to  be  quantitatively 
different.  With  a decrease  and  increase  Re  and  K,  is  observed  an 
increase  in  the  losses;  in  Fig.  72  is  given  the  corresponding 
correction  curve  tor  prefile  and  tip  losses  during  a change  in  the 
mode/conditions.  It  should  be  noted  that  the  curve  in  Fig.  72  is 
constructed  on  the  basis  of  the  experimental  data*  obtained  with  M < 
0.9.  Kith  an  increase  of  M > 0.9,  eddying  effect,  apparently,  will 
again  decrease. 


I 
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M-..I  (Cn./t.)M  *, 

K, 


(Fig.  72)  and  the  loss  in  the  assigned  node/condit ions  they  are 
designed  f tc*  formula 


(U.)i«  (<«*.  i K.HU m (Wi 


§32.  Ncnunif otmity  cf  velocity  fields  ir  turbine  gr id/casc ades . 
Account  of  the  effect  of  nonunifoi mity  cn  losses  in  grid/cascades. 
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It.  is  known  that  the  flew  at  the  er.try  intc  working  and  nozzle 
cascades  possesses  the  considerable  non  uni f cr m i ty  of  speeds,  angles 
and  pressures  on  space  and  ty  height,  caused  by  vortex/eddy  movement 
£cr  edge  and  the  secondary  flews  of  the  blade  tips  of  the 
preceding/previous  series,  cverla p/ceil ings , but  also  inflows  or 
leakages  cf  root  and  oand/shro ud/t ire.  It  is  logical,  that 
nonun  if or m it y or  velocity  fields  it  leads  tc  a substantial  change  in 
the  characteristics  ot  grid/cascade  in  comparison  with  the 
char acter ist  ics,  obtained  under  the  idealized  conditions.  Depending 
cr.  velocity  diagram  at.  er.try,  the  total  losses  can  both  decrease  and 
increase . 


Effect  of  step  nonunifermity  cf  velocity  fields  on  losses 
according  to  the  results  cf  static  tests  when  the  nozzles 

located  within  the  limits  cf  one  space  were  fixed  in  the  different 
positions  of  the  relatively  investigated  channel  ot  running  cascade, 
appeared  insignificant.  The  average  losses  in  such  experiments  turned 
cut  tc  be  the  close  to  the  losses  obtained  during  tests  in  steady 


flow. 
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Fig.  73.  Effect  of  ceqree  ct  tier  un  if  cr  it  i t y and  teentrance  atigl..  to 
f r cf  i le  I and  the  total  II  ( l - C.U)  lessee  in  nozzle?  cascades. 
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Some  the  test  results,  carried  cut  or  turned  models,  they  showed  that 
the  losses  in  running  cascades  somewhat  gicw/rise. 


The  non un i for m it y velocity  field,  caused  ty  the  presence  of 
boundary  layer  on  faces  (of  type  I,  Fig.  73a)  , it  leads  to  an 
increase  in  total  losses  [4].  The  approximate  estimate  of  a change  in 
the  total  losses  for  a parabolic  velocity  diagram  at  entry  can  be 
produced  on  curve/graph,  given  on  Fig.  73b,  where  along  the  axis  of 
abscissas  is  de posit/pcst poned  the  degree  ct  irregularity  of 
/ — ( » — r~r)  ,oos  “•  and  £7^  - average  by  height  and  maximum  v-locity 

cf  incident  flow) , but  along  the  axis  cf  ordinates  - the  ratio  cf  the 
total  losses  £ in  the  ncnuniform  velocity  field  to  th*3  total  losses 

cf  t,  p during  the  ev^n  distribution  cf  velocities  by  height  of 
grid/cascade  at  entry  (f  = C)  . 


In  turbine  grid/cascades  frequently  is  encountered  the 
ncnun lfor mit y of  type  2 (Fig.  73a)  with  failures  or  velocities  at 
certain  distance  from  shrouds  cf  type  3 (Fig.  73a)  with  failure  of 
the  velocities  in  the  mean  sections  cf  grid/cascade  (failures  cf 
velocities  art  caused  by  the  secondary  jetien  in  grid/cascades).  The 
di agr am/cu rve  of  velocities  of  type  3 it  is  encountered  with  low 
reentrance  angles  to  the  grid/cascede  when  the  maximum  losses  occur 
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in  mean  sections. 


The  evaluation  of  the  effect  of  the  nenu  n i fortnity  of  types'  2 an 
3 cn  the  cost-ef fectiv eness/cl t icie ncy  cf  g rid/cascades  turns  out  to 
te  mote  complex  than  in  the  case  drag ran/ curves  of  typo  1.  This  is 
connected  with  the  tact  that  the  nenuni ter mity  affects  differently 
profile  and  tip  losses.  For  each  relative  he ig ht/a 1 titudo  of 
grid/cascade,  is  an  optimum  value  of  the  ncr.u  ri  focmity  by  which  t hi 
total  losses  turn  out  tc  te  minimum. 


Cn  Fig.  73b,  is  given  the  dependence  cf  the  ratio  of  the  total 
losses  C during  the  nonuniferm  distribution  of  velocities  of  type  3 
to  Cf g,  with  f = 0.  t'rc®  cuive/graph  it  is  evident,  that  minimum 
total  losses  in  jet/reactive  grid/cascade  ( /■  = C.4d,  t ~ 2 5 mm)  at 
reentrance  angle  a0  = 90°  occur  with  f 15o/c.  For  a reenrrance 
angle  a0  - 45°,  when  tip  losses  turn  cut  tc  be  those  which  were 
increased,  the  optimum  nonunif ermit y increases  to  f 30o/o  (Fig. 
73b).  The  given  characteristics  art  constructed  for  Mach  numbers  trz 
C.7.  hith  a change  in  Mach  number,  the  effect,  cf  nonun  i tor  m i ty 
quantitatively  turns  out  tc  be  different.  Fcr  approximate  estimates 
by  cur ve/grapns,  given  in  Fig.  73,  it  is  possible  tc  use  ir;  the  rang 
cf  Mach  numbers  = 0.5-0. 9. 


r 
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Chapter  V. 


CALCULATION  OF  Til  E 
THE  DATA  OF  STATLC 


FACE  #2 

33/ 


SSBUt/  STAGES  CF  STEAF  A N L GAS  TURBINES  ACCORDING  TO 
STUDIES. 
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Fi(j.  74.  Comparison  of  experimental  and  confuted  values  stage 
efficiency : < • — »,H  ll|  n |q,|, 
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§33.  Frocadure  for  the  thermal  design  of  step/stages  with  the  use  cf 
aerodynamic  characteristics  of  atlas. 

In  the  practice  of  tut  tine-constructing  plants,  are  most  common 
two  method  of  calculation  or  flew  areas  of  the  turbines. 

The  first  method  is  taseu  on  the  use  cf  the  generalized 
characteristics,  obtained  during  investigation  cf  the  determined  type 
cf  model  step/stages  in  experimental  turbines  (metnod  of  calculation 
according  to  test  data  cf  model  step/stages).  This  method  has  a 
series  of  the  essential  advantages  which  ensured  to  it  wide 
application.  The  key  advantages  of  methcdclcgy  are:  the  simplicity  of 
the  calculation  and  the  reliability  of  results  for  this  type  of 
step/stages. 

Second  method  [47]  is  based  on  the  use  of  coefficients  of  the 
energy  losses  and  coefficients  of  the  flow  rates  in  the  nozzle  and 
running  cascades,  obtained  experimental  (under  the  static  conditions) 


-1L.1  w I J I 
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and  by  calculation.  The  calculation  is  conducted  according  to 
velocity  triangles.  This  method  thus  tar  is  still  less  reliable,  than 
the  first;  however,  it  is  mere  demonstrative  and  makes  it  possible  to 
determine  the  eifect  of  energy  losses  in  the  separate  ce 11/e le me nts 
of  flew  area  of  the  turbine.  In  different  regime  and  geometric 
parameters  appears  the  possibility  to  determine  the  ranges  of  the 
maximum  losses  and  to  mark  the  ways  of  an  increase  in  the 
cost-effect iveness/eff iciency  ct  step/stager. 

During  application/use  of  a new  type  cf  blading  in  turbines,  and 
also  during  calculations  cf  intermediate  step/stages  for  varying  load 
(it  are  absent  the  experimental  data,  ettaired  in  experimental 
turbines)  the  method,  based  on  the  calculation  according  to  by 
velocity  triangles,  it  is  only,  that  ensures  acceptable 
accur acy/precision.  During  the  calculation  cf  step/staqes  with  long 
Hades  (large  fanning  \/l  < 7-10)  the  only  possible  is  at  present  the 
method,  based  on  velocity  triangles. 


•1 


, 


The  accumulated  experimental  material,  which  characterizes  t he 

step/stages  or  large  tinning,  is  insufficient  ter  the  construction  of 

the  generalized  dependences;  therefore  the  calculation  rs  conducted’ 

✓ 

according  to  cross  sections.  Furthermore,  because  of  clarify  ,-fhis 


DOC  = 76081693  FAGfc  #*- 

3*+  I26 

method  is  most  advisable  in  presenting  the  aaterial  in  academic 
process 

F CCTNOTt  ».  The  detailed  presentation  cf  the  method  of  calculation  of 
the  step/stages  of  turbines  according  tc  velocity  triangles  can  be 
found  in  manuals  from  steam  and  gas  turbines.  Specifically,  it  is 
possible  to  be  utilized  by  A.  V.  S hche t 1 yae va » s book  "steam  turbines" 
[48].  ENDFCOTNOTE. 


For  determining  the  cost- e f fee  five ress/ef f iciency  of  step/staqe 
with  d/ f > 10  calculation  is  conducted  according  to  mean  section 
taking  into  account  tip  losses  in  grid/cascades.  The  relative 
internal  efficiency: 


'W,  > 


l. 


(T'.it 


where  the  loss  in  nozzle  and  running  cascades 


r 
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at  outlet  velocity 


<>>ii 


L' 


for  the  friction  of  disk 


M 
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from  leakages 
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here:  C.  a is  the  fictitious  velocity,  calculated  on  the  avail  a ole 


heat  drop; 


, - the  coefficients  of  flow  rate  for  the  radial 


shroud  clearances  ot  rotor  wheel  and  fcr  the  rczzle  cascade  of 
(jo  a.  0-  7 J Mi  ~ 0.98)  ; z - the  number  cf  crest/peaks  of  the  shroud 

U 

packi  nq/seals  ot  rotor  wheel;  e.  a,  the  reaction  of  step/stage 

in  peripheral  mean  sections;  »,  the  loss  factors, 

obtained  during  the  static  studies  of  gr id/casc ades ; e is  a degree  of 


admission;  F~y  - clearance  area. 


The  coefficients  of  C.  and  t.  are  taken  on  experi  mental 
curve,  given  in  atlas.  If  in  atlas  arc  absent  the  empirical  curve's, 
which  correspond  to  the  necessary  geometric  and  regime  parameters  of 
the  calculated  step/stage,  cne  should  use  the  generalized 
de  pe  ndences. 
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From  the  number  of  dimensional  characteristics,  it  is  necessary 
to  consider  the  effect:  the  tecnnological  defects,  the  surface 
finishes,  thickness  of  trailing  edges,  space,  angle  of  setting, 
fanning,  slope/inclina t ion  cf  blades,  meridian  enclosures, 
cverlap/ceiling , etc.  At  lew  relative  height/altitudes  special 
attention  must  be  given  tc  technology  cf  the  manufacture  of 
step/stages,  also,  first  of  all  the  diaphragms:  milled,  setting, 
welded  or  cast.  From  the  number  of  regime  taraneters,  must  be 
considered  the  effect:  the  reentrance  angle,  turbulence, 
nonuniformity  of  flow,  Hach  numbers  and  ae,  of  humility,  dust 
content,  etc. 


The  data  on  the  effect  of  the  geometric  arc  regime  parameters  on 
losses  and  angles  of  departure  are  brought  in  §£19-32.  The  proceduLe 
tor  the  account,  of  corrections  is  given  in  tnese  paragraphs.  The 
velocity  triangles  are  constructed  on  experimental  or  calculated 
angles  ot  departure  (a,;  f2) , expenditure  stage  characteristics  are 
determined  frem  the  minimum  cross  sections  ct  grid/cascades  and  the 
effective  angles  of  •».-* 


§34.  Examples  of  the  calculation  of  turbine  stages. 


FT 
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The  account,  of  the  enumerated  in  the  precedirty/previous 
paragraph  geometric  and  regime  parameters  on  the  generalized 
curve/graphs  of  atlas  makes  it  possible  with  sufficient  high 
accuracy/precision  to  calculate  cost -e f feet ive ress/etf icie ncy  and 

expenditure  stage  characteristics.  The  hiqiiest  accuracy /pr  ec  is  icn  is 

I 

obtained  for  the  step/stages  oi  the  average  fanning  (d//  10)  will* 

large  relative  spans  of  the  blade  (//t  > 1 . C)  . An  error  in  The 
calculation  composes  /\r)  K 


r-' 


l 


With  a decrease  in  the  relative  he i gh t /a  1 1 it ude,  the 
accuracy/precision  cf  the  calculation  falls  due  to  stronger  effect  of 
technology  of  the  manufacture  of  ba nd/s hroud/t ires , and  also  of 
leakages,  overlap/ceili ngs,  nonuni  torn ity  of  flew,  etc.  The  large 
deviations  of  calculation  data  from  the  experimental  in  turbines  are 
obtained  for  step/stages  with  the  low  d/z^  < 4,  which  is  connected  ir. 
essence  with  flow  breakaway  xn  loot,  cross  sections,  the  streamline 
curvature,  the  deviation  cf  reaction  frem  the  calculated. 


For  an  example  on  curve/graphs  (Fig.  74)  are  giv^n  experimental 
and  calculated  (according  tc  tie  characteristics  of  atlas)  cur  v- s tor 
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step/stages  with  the  following  geometric  arc  regime  parameters: 


•> » - *.i.  I,  o.w.  M,,  - 0.7.  Hc,„  - 5 in*. 

b>  o «o.  /,  - o.2.  At  - o.a.  - i itf 


on  curve/graphs  is  given  also  the  talarce  ci  losses  in  these 
step/stages. 

Calculations  of  the  sections  of  t tie  turbines,  wnich  consist  of 
several  step/stagos,  alsc  gave  a good  agreenent  with  the  experimental 
data,  obtained  in  experimental  turtines. 


Less  precise  results  are  obtained  during  the  calculation  of  the 
step/stages,  which  work  at  supersonic  speeds.  This  is  explained  in 
essence  by  considerable  building  tc  the  characteristics  of  th° 
supersonic  step/stages  cf  the  geometric  parameters  of  grid/cascades, 
which  not  always  accurately  succeeds  ir  considering  in  the 
calculations. 


M 
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Part.  Two.  Air £oil^ in',  the  aerodynamic  and  strenqtn 
characteristics  of  ge**/cascades. 
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